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Summary 

5 

SUMMARY 

The use of carbon monoxide as building block via metal catalyzed carbonylation 

processes has become an efficient tool for the functionalization of organic 

products due to the atom-economic nature of this type of reactions. In this 

context, the rhodium catalyzed hydroformylation of olefins reaction, discovered in 

1938 by Otto Roelen, constitutes one of the most important homogeneous 

catalytic process applied at large scale. The rhodium catalyzed asymmetric 

hydroformylation of alkenes is a very attractive reaction since the chiral aldehydes 

obtained are versatile building blocks in the synthesis of chiral molecules such as 

imines, amines, alcohols or acids. Despite the variety of successful systems 

reported in the rhodium catalyzed asymmetric hydroformylation of alkenes, the 

implementation of this process at large scale is still underdeveloped, mainly due to 

the toxicity and high price of the metal catalyst applied. In this regard, the 

immobilization onto solid supports of efficient catalysts for the Rh-catalyzed AHF 

of alkenes for the application in continuous flow is a promising strategy. Another 

issue for the implementation of these catalysts at large scale is the fact that 

aldehydes are not usually the final molecule, but an intermediate in the synthesis 

of the target compound. Thus, the development of tandem hydroformylation 

processes are promising, since they allow the formation of versatile building block 

such as the aldehyde, which in the same reaction vessel is transformed in situ into 

more interesting molecules. 

 

Chapter 1 describes a general introduction on the importance of the rhodium 

catalyzed asymmetric hydroformylation of alkenes. Furthermore, the tandem 

rhodium catalyzed hydroaminomethylation reaction for the production of amines 

is also described in detail. Finally, a brief introduction to flow chemistry is also 

presented.  

Chapter 2 sets out the general objectives of this thesis.  
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Chapter 3 describes the synthesis of chiral pyrene tagged diphosphite ligands 

derived from glucose and of the corresponding rhodium complexes. Application of 

the Rh catalysts containing these chiral diphosphite ligands in the AHF of 

norbornene provided similar results in terms of activity, stereo- and 

enantioselectivity to those afforded with ligands derived from glucose previously 

reported in our group. The use of the rhodium complexes bearing the pyrene 

tagged diphosphite ligands provided higher activity, while stereo- and 

enantioselectivity remained unaffected in the rhodium catalyzed asymmetric 

hydroformylation of norbornene. It was thus concluded that the pyrene moiety 

does not affect the stereo- and enantioselectivity of the rhodium catalyst. This was 

confirmed by HP-NMR studies of the Rh hydride complex [RhH(CO)2(L)] (L = pyrene 

tagged diphosphite ligand), which demonstrated that the coordination mode of 

the ligand is the same than that of the previously reported chiral diphosphite 

derived from glucose. Then, the rhodium complexes bearing the pyrene tagged 

ligands were successfully immobilized onto different carbon supports using ethyl 

acetate as solvent (Scheme 1). 

 

Scheme 1: Rh-catalyzed asymmetric hydroformylation of norbornene using pyrene tagged rhodium 

complexes immobilized onto carbon supports. 

The new heterogenized catalysts were applied in the rhodium catalyzed 

asymmetric hydroformylation of norbornene in batch mode with lower 

conversions and enantioselectivities compared to the homogeneous counterpart. 
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Recycling experiments in batch were carried out, but a drastic decrease in the 

second run was observed due to catalyst leaching. Finally, the heterogenized 

catalysts were applied in the rhodium asymmetric hydroformylation of 

norbornene in flow mode with higher values in enantioselectivity compared to the 

homogeneous catalyst in batch mode. 

The investigation carried out in Chapter 4 is focused on the rhodium catalyzed 

asymmetric hydroaminomethylation of α-alkyl acrylates for the efficient synthesis 

of chiral γ-aminobutyric esters (Scheme 2). After optimization of the reaction 

conditions, a number of chiral γ-aminobutyric esters were synthesized in moderate 

to excellent yields and enantioselectivities up to 86%. This constitutes the first 

example of rhodium catalyzed asymmetric hydroaminomethylation of alkenes 

using one single rhodium precursor.  

 

Scheme 2: Rh-catalyzed asymmetric hydroaminomethylation of α-alkyl acrylates for the synthesis of 

chiral γ-aminobutyric esters. 

HP-NMR studies were also conducted in order to study the reactivity of the 

catalytic system under H2, CO, and H2/CO pressure. Two new rhodium hydrides 

were identified using (R,R)-QuinoxP* as ligand, and their formation can be 

controlled by variation of the reaction conditions. It was observed that the role of 

the amine is crucial to promote the formation of neutral rhodium species from 

cationic rhodium precursor. Moreover, it was shown that the presence of neutral 

and cationic rhodium species is necessary to complete the reaction. For this 

purpose, the selection of the appropriate solvent is crucial to solubilize both types 

of rhodium species. 
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Chapter 5 describes the rhodium catalyzed regioselective hydroaminomethylation 

of α-alkyl acrylates for the synthesis of β2,2-amino esters (Scheme 3). Various ligands 

were tested in the Rh-catalyzed hydroaminomethylation of methyl methacrylate in 

the presence of morpholine, and the monodentate diphenylmethyl phosphine 

ligand provided the highest regioselectivity for the branched aldehyde. 

Nonetheless, no signals of the desired amino ester were detected. Optimization of 

the reaction conditions revealed that molecular sieves are necessary to afford the 

desired amino ester together with the neutral rhodium precursor [Rh(acac)(CO)2], 

using toluene as solvent, at 50°C, under 10 bar (H2/CO, 1:1) when secondary 

amines are used.  

Scheme 3: Rh-catalyzed regioselective hydroaminomethylation of α-alkyl acrylates for the synthesis 

of β
2,2

-amino esters. 

Under these reaction conditions, primary amines were also tested. However, the 

corresponding imines were the major products. In the case of aniline, it was 

possible to obtain the corresponding amino ester using the cationic rhodium 

precursor [Rh(COD)2]BF4, with a phosphine cage ligand, using toluene/DCE as 

solvent, at 70°C, and under 30 bar (H2/CO, 1:1). Other primary amines such as 

benzyl amine were tested under various reaction conditions, but in all the cases, 

the imine was afforded. It was concluded that the CO pressure is poisoning the 

hydrogenation step of the reaction for this type of imines. Finally, the rhodium 

catalyzed asymmetric hydroformylation of benzyl acrylate was attempted in order 

to produce chiral quaternary carbon centers and ee’s up to 30% could be obtained 

using the ligand (R,R)-QuinoxP*. 
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1.1. Introduction 

1.1.1. Rhodium catalyzed carbonylation 

The use of carbon monoxide as building block via metal catalyzed carbonylation 

processes has revealed an efficient tool for the functionalization of organic 

molecules; moreover, the atom-economy nature of this type of reactions has 

increased the interest for both academy and industry.1 The production of acetic 

acid through methanol carbonylation (Scheme 1.1)2, and the production of 

aldehydes by hydroformylation of propene (Scheme 1.2)3 are the two main 

homogeneous processes currently applied in industry. Nonetheless, metal 

catalyzed carbonylations are not only limited to bulk chemistry and can also be 

applied for the synthesis of fine chemicals.4 

 

Scheme 1.1: Metal catalyzed carbonylation of methanol using rhodium (Monsanto) or iridium 

(Cativa) catalysts. 

 

Scheme 1.2: Rh-catalyzed hydroformylation of propene for the production of n-butanal and iso-

butyraldehyde. 

Among the metals that catalyze carbonylation reactions, rhodium has been largely 

studied due to its intrinsic properties that provide high activity, and selectivity for 

this type of reaction.5 Apart from the carbonylation of methanol in the Monsanto 

process (Scheme 1.1), the carbonylation of unsaturated compounds is where 

rhodium has been more extensively applied.2a The Pauson-Khand reaction consists 

in a [2+2+1] carbonylative cyclization that provides ring-structured skeletons which 

are scientifically interesting and pharmaceutically attractive (Scheme 1.3).6  
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Though cobalt was the initial metal applied in this reaction, rhodium later proved 

to be a very successful catalyst due to its high activity, selectivity and substrate 

versatility.7  

 

Scheme 1.3: Examples of rhodium catalyzed carbonylation reaction of unsaturated compounds for 

the synthesis of cyclic skeletons. 

Recently, an attractive strategy combining the efficiency of rhodium catalysts in 

carbonylation and C-H activation reactions has emerged for the construction of 

more complex cyclic skeletons (Scheme 1.3).8 Other strategies involving tandem 

processes to access cyclohexenones from more restricted substrates containing a 

cyclopropyl group and an alkyne in the same structure have also been reported 

(Scheme 1.3).9 

Rhodium catalyzed hydroformylation constitutes an attractive strategy for the 

synthesis of aldehydes from readily available starting materials such as alkenes in a 

high atom economy process (Scheme 1.2).10 The reaction consists in the addition 

of “synthesis gas” (syngas), a mixture of CO and H2, to olefins in the presence of a 

catalyst. Formyl group and hydrogen are added through the π system of the alkene 

for the obtention of aldehydes. 
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From an organic point of view, aldehydes are products of interests due to their 

versatile functionalization that can lead to the formation of new carbon-carbon 

and carbon-heteroatom bonds.11 Nowadays, rhodium is the metal of choice in 

hydroformylation due to its high activity, and selectivity.12 

1.1.2. Rhodium catalyzed hydroformylation 

The hydroformylation (HF) reaction was discovered in 1938 by Otto Roelen while 

he was working on the Fischer-Tropsch process, and named it “oxo process”.13 In 

2010, the production of so-called oxo-products was near 10.4 million tons per year 

proving the impact of this reaction at industrial scale.14 The hydroformylation of 

propene, which is a fraction of the steam-cracking process, constitutes the major 

application for the production of these oxo-products. The resulting n-butanal and 

iso-butyraldehyde represent crucial intermediates for the production of esters and 

acrylates (Scheme 1.2).3b Heck and Breslow proposed a mechanism using a cobalt 

catalyst that remains accepted for the Rh-catalyzed  hydroformylation15. Here, this 

mechanism is described for a bidentate ligand, and consists in the Wilkinson’s 

dissociative mechanism (Scheme 1.4). The determination and structural 

characterization of the resting state [RhH(L-L)(CO)2] 1.1 by in situ spectroscopic 

techniques such as High Pressure-Infrared (HP-IR) and High Pressure-Nuclear 

Magnetic Ressonance (HP-NMR), provided great understanding of the mechanism. 

In the case of bidentate ligands, the species 1.1 can be observed as two different 

isomers where the ligand is coordinated in equatorial-axial (eq-ax) or equatorial-

equatorial (eq-eq) mode.   

First, fast dissociation of equatorial CO from 1.1 takes place to form the square 

planar intermediate 1.2 which upon coordination of the alkene in the equatorial 

plane, provides the complexes 1.3. In this intermediate, the bidentate ligand can 

once more be coordinated in the eq-eq and/or eq-ax mode, while the hydride lies 

in apical position. In this step, the enantioface discrimination takes place.16 
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Although it has not been completely established whether the coordination of the 

alkenes is reversible or not, all the steps in Scheme 1.4 are described as reversible 

except from the final hydrogenolysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From 1.3, migratory insertion of the alkene generated the square-planar alkyl 

complexes 1.4 followed by CO coordination to afford pentacoordinated species 

1.5. It is between species 1.3 and 1.4 where the regioselectivity is determined. The 

acyl square planar species 1.6 are generated by CO insertion, which finally undergo 

irreversible hydrogenolysis to provide the aldehyde products and regenerate the 

Scheme 1.4: Rh-catalyzed hydroformylation mechanism in the presence of bidentate ligand (L-L). 
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hydride species 1.2. The species 1.6 can also undergo CO coordination and provide 

acyl pentacoordinated species 1.7. Such species have been recently observed by 

HP-IR and HP-NMR studies using bidentate ligands.16b-16d. Enantioselectivity is 

determined between species 1.2 and 1.6 since all these steps are in equilibrium. 

Depending on the reaction conditions and characteristics of the system, the rate 

determining step can switch between the reactions from species 1.1 to 1.6.  

The regioselectivity of this process depends on many factors, which include 

intrinsic substrate preferences, directing effects displayed by functional groups 

located close to the alkene, and the ligand. Depending on the number of 

substituents on the olefin, as well as the nature of the substituent, regioselectivity 

trends in the hydroformylation of alkenes can vary (Scheme 1.5).17  

 

Scheme 1.5: Regioselectivity trends in rhodium catalyzed hydroformylation of various alkenes. 

In the case of monosubstituted alkenes, depending on the substituent (R) the 

preference for the linear or branched product can change. In the case of alkyl 

substituents the linear product is usually favored, while when the substituent is an 

aryl or other electron-withdrawing group, the hydroformylation takes place in the 
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internal carbon producing the branched product. Similar trend is observed for 1,2-

disubstituted alkenes. When 1,1-disubstituted and trisubstituted alkenes are 

transformed, only one regioisomer is preferentially afforded according to 

Keuleman’s rule, which states that the formyl group is inserted in order to avoid 

the formation of a quaternary carbon center.18  

Although enantioselective hydroformylation constitutes a potentially clean, low 

cost, and atom-efficient method for the production of chiral aldehydes for the fine 

chemical industry, this reaction has not yet been applied on an industrial scale 

process due to several technical challenges.3 The main challenges to overcome are 

the low reaction rates at low temperature despite the good selectivities commonly 

achieved, the control of both regio- and enantioselectivity at once, and the short 

substrate scope for any single ligand. 

1.1.3. Rhodium catalyzed asymmetric hydroformylation 

The first examples of high enantioselectivity in asymmetric hydroformylation (AHF) 

(ee’s up to 90%), were reported by Stille and Consiglio the same year using Pt 

diphosphite systems.19 Nonetheless, such systems provided several disadvantages 

such as low reaction rates, tendency to hydrogenate substrates, and low 

regioselectivity to branched products. Later, these issues were mainly overcome 

by the use of Rh-based catalysts.20  

1.1.3.1. Monosubstituted alkenes 

The asymmetric hydroformylation of monosubstituted olefins 1.8 has been largely 

studied due to the interest in the synthesis of chiral 2-substituted branched 

aldehydes 1.9 (Scheme 1.6). In the case of vinyl arenes, the 2-arylpropanals 

products are key intermediate in the synthesis of 2-arylpropanoic acids, which are 

the profen class of non-steroidal anti-inflammatory drugs. 
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Scheme 1.6: Rhodium catalyzed asymmetrich hydroformylation of monosubstituted alkenes. 

1,3-Diphosphite ligands 

The diphosphite ligands proved to be efficient for this kind of substrates.21 The first 

successful ligand for the asymmetric hydroformylation of vinyl arenes was 

developed by Union Carbide and consisted in (2R, 4R)-pentane-2,4-diol 

diphosphite ligand 1.11. This system provided good chemo-, regio-, and 

enantioselectivities (up to 90% ee).22 Apart from this structure, longer carbon 

chains between the oxygens were investigated but lower selectivities were 

obtained.23 Furthermore, the effect of the substituents on the biaryl moiety was 

looked at, and showed the importance of the ortho and para substituents. The 

best results were obtained with ligands 1.11a and 1.11d (Scheme 1.7). Another 

example of successful ligands in asymmetric hydroformylation of vinyl arenes is 

the family of diphosphite ligands derived from 1,2-O-isopropylidene-α-ᴅ-

xylofuranose and 6-deoxy-1,2-O-isopropylidene-α-ᴅ-glucofuranose 1.12 (Scheme 

1.7).24  

 

Scheme 1.7: Rh-catalyzed asymmetric hydroformylation of monosubstituted alkene 1.8a using 

ligands 1.11 and 1.12. 
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In this type of ligands, the substituents on the biaryl moiety also proved to be 

crucial to provide high selectivities. Moreover, studies on the configuration at C5 

showed that the configuration in this position is crucial to obtain high 

enantioselectivities. 

The KELLIPHITE ligand 1.13 constitutes another example of successful chiral 

diphosphite ligand for AHF developed by Dow Chemical Company. 25 In contrast 

with ligands 1.11 and 1.12, the chirality in this ligand is located in the biaryl moiety 

while the backbone is achiral. This ligand provided good enantioselectivities (up to 

88%) in the hydroformylation of allyl cyanide 1.8b and vinyl acetate 1.8c (Scheme 

1.8).  

 

Scheme 1.8: Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes using 

biphosphite ligands 1.13 and 1.14. 

Vidal-Ferran et al. reported recently α,ω-bisphosphite-polyether ligands 1.14 

containing regulation agents (RAs) that increase the activity of the corresponding 

rhodium complex in the asymmetric hydroformylation of vinyl benzoates (ee up to 

96%) (Scheme 1.8).26  

Phosphine-Phosphite ligands 

The (R,S)-BINAPHOS ligand 1.15 and (S,R)-BINAPHOS ligand 1.16 reported by 

Takaya and Nozaki were very successful ligands in the Rh-catalyzed asymmetric 

hydroformylation of a range of substrates (Scheme 1.9).27 Apart from standard 
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monosubstituted alkenes for asymmetric hydroformylation such as styrene 1.8a, 

ally cyanide 1.8b, and vinyl acetate 1.8c for which excellent enantioselectivities 

were obtained (ee up to 94%), new substrates containing substituents such as –

CF3, -C6F5 groups, were successfully hydroformylated with high ee’s.  

 

Scheme 1.9: Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes using BINAPHOS 

family of ligands 1.15, 1.16, 1.17, 1.18. 

The BINAPOHS derivative ligand 1.17, with only a variation on the aryl group of the 

phosphine moiety provided excellent selectivities for various vinyl arenes (ee’s up 

to 97%)28 while the (R,S)-YANPHOS ligand 1.18a, containing a phosphoramidite 

moiety instead of a phosphite, afforded good regioselectivities (up to 84%), 

excellent ee’s (up to 96%), and turnover number (TON) up to 9,700 in the 

asymmetric hydroformylation of N-allylamides 1.8k-n (Scheme 1.9).29 

Though other groups developed new families of phosphine-phosphite and 

phosphine-phosphoramidite ligands, none of these ligands provided results 

comparable with those obtained with the BINAPHOS ligands or derivatives in 

terms of regio- and enantioselectivities, and scope of substrates.30 

Recently, the (Sax,S,S)-BOBPHOS ligand 1.19 reported by Clarke and co-workers 

was applied in the AHF of alkyl alkenes 1.20, affording unprecedent high 

regioselectivies (up to 89%) and excellent ee’s (up to 92%) for branched aldehydes 
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(Scheme 1.10).31 Furthermore, detailed spectroscopic experiments were carried 

out in order to characterize Rh intermediates 1.1 and 1.6 (Scheme 1.4) to provide 

an explanation for this preference for the branched product.16b 

 

Scheme 1.10: Rh-catalyzed asymmetric hydroformylation of alkyl alkenes using BOBPHOS ligand 

1.19. 

Leitner and co-workers recently reported the promising bidentate phosphine-

phosphoramidite BettiPhos 1.22 that provided  excellent ee’s (up to 96%), and 

total regioselectivities in the Rh-catalyzed asymmetric hydroformylation of vinyl 

esters and amides 1.23 (Scheme 1.11).32  

 

Scheme 1.11:  Rh-catalyzed asymmetric hydroformylation of vinyl esters and amides using the 

BettiPhos ligand 1.22. 

Bisphosphacyclic ligands 

The first examples of bisphospholanes structure to provide high 

enantioselectivities in the asymmetric hydroformylation of styrene 1.8a, allyl 

cyanide 1.8b, and vinyl acetate 1.8c were (S)-BINAPINE ligand 1.25 and (S,S,R,R)-
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TANGPHOS ligand 1.26 (Scheme 1.12).33 Since then, efforts have been devoted to 

the development of novel bisphospholane scaffolds. The (S,S)-Ph-BPE 1.27 and the 

Bis-3,4-diazaphospholane (BDP) 1.28 ligands provided excellent regioselectivities 

and enantioselectivities in the asymmetric hydroformylation of styrene 1.8a, allyl 

cyanide 1.8b and vinyl acetate 1.8c (Scheme 1.12). Furthermore, the BDP ligand 

1.28 and derivatives provided excellent chemo-, regio- and enantioselectivities in 

the AHF of a wide scope of monosubstituted alkenes such as 1,3-dienes with ee’s 

up to 97%, enamides with ee’s up to 99%, and other allyl alkenes.34  

 

Scheme 1.12: Rh-catalyzed asymmetric hydroformylation of monosubstituted alkenes using the 

bisphospholane ligands 1.25, 1.26, 1.27, and 1.28. 

1.1.3.2. Disubstituted alkenes 

In the Rh-catalyzed asymmetric hydroformylation most of the attention has been 

focused on monosubstituted alkenes while only a few examples of efficient ligands 

have been applied successfully in the asymmetric hydroformylation of 1,2- and 

1,1-disubstituted alkenes to date (Scheme 1.5). Their low reactivity due to the 

higher steric hindrance as well as a more complicated control of the 

regioselectivity makes these kinds of substrates more challenging. 
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Linear 1,2-disubstituted alkenes 

The ligand 1.28 demonstrated its potential in the asymmetric hydroformylation of 

1,2-disubstituted alkenes (Scheme 1.13). Excellent regio- and enantioselectivities 

were afforded in the asymmetric hydroformylation of Z-enamides and enol esters 

1.29 (ee’s up to 98%).35 Furthermore, good results were also obtained in the 

asymmetric hydroformylation of vinyl arenes 1.30, although the scope for these 

substrates was more restricted. In view of the success of ligand 1.28, Burke and 

Risi reported the total synthesis of Patulolide C, (-)-Pyrenophorol, and (+)-

Decaresctrictine L, which display antibacterial and antifungal activities.36. In all the 

three cases, the asymmetric hydroformylation of alkenes using the ligand 1.28 was 

the crucial step to construct the skeleton of these complex molecules. 

 

Scheme 1.13: Rh-catalyzed asymmetric hydroformylation of 1,2-disubstituted alkenes using ligand 

1.28. 

Another strategy followed by Tan and Breit to hydroformylate 1,2-disubstituted 

alkenes was based on scaffolding ligands. Such methodology consists in a catalyst 

that is able to create covalent bonds with a substrate. This interaction between 

the ligand and the substrate facilitates the reaction and increases the selectivities, 

since the catalyst is specifically addressed to react with a specific part of the 
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substrate, the double bond in this case. Following this strategy, homoallylic 

alcohols were successfully hydroformylated with excellent selectivities.37 

More recently, Zhang and co-workers reported the asymmetric hydroformylation 

of 1,2-disubstituted alkenylsilanes 1.33 using the (S,R)-(NBn)-Yanphos ligand 1.18b 

providing excellent enantioselectivities (up to 97%) and excellent regioselectivities 

(up to >99%) (Scheme 1.14).38 In this case, the presence of a silyl group improves 

the regioselectivity due to its steric hindrance. Moreover, further functionalization 

of the silicon group into alcohol functionality via Fleming-Tamao oxidation 

afforded tropic acid 1.34 (Scheme 1.14). 

 

Scheme 1.14: Rh-catalyzed asymmetric hydroformylation of 1,2-disubstituted alkenylsilanes using 

ligand 1.18b. 

Cyclic 1,2-disubstituted alkenes 

5-membered ring heterocycles such as dihydrofurans and dihydropyrroles have 

focused most of the attention for 1,2-disubstituted alkenes. The presence of a 

heteroatom in the cycle might favor isomerization when a metal-hydride species is 

present. It is therefore crucial to avoid the isomerization in order to obtain high 

regio-, chemo-, and enantioselectivities. In this context, various ligands revealed to 

inhibit the isomerization reaction, and provided good to excellent 

enantioselectivities. The BINAPHOS ligand 1.15 afforded full regioselectivity and 

good ee’s (up to 73%)  for 2,5-dihydropyrrole substrates 1.36, although for the 2,3-
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dihydropyrrole substrate 1.37, the regioselectivities were not as high (Scheme 

1.15).39 In the case of 1,3-diphosphite ligands derived from carbohydrates, those 

containing glucose backbone (1.38b, 1.39b, 1.40b) provided full regioselectivity 

and high ee’s (up to 88%) in the asymmetric hydroformylation of 2,5-dihydrofuran 

1.36, and ee’s up to 84% were obtained in the asymmetric hydroformylation of 

2,3-dihydrofurane 1.37, although regioselectivity was lower in this case (up to 

78%).40  

 
Scheme 1.15: Rh-catalyzed asymmetric hydroformylation of monocyclic 1,2-disubstituted olefins 

using ligands 1.38b, 1.39b, 1.40b, 1.41, and 1.42. 
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The Xantphos derived ligand 1.41 proved very efficient for 2,3- and 2,5-

dihydrofuran substrates with excellent ee’s (up to 91%).41 The bis-3,4-

diazophospholane ligand 1.42 afforded excellent ee’s (up to 92%) and excellent 

regioselectivities. Moreover, with this system, the hydroformylation of both 

dihydropyrrole and dihydrofuran alkenes was also achieved.42 Other monocyclic 

1,2-disubstituted alkenes like dioxapines or N-Boc-2,2-dimethyl-2,3-

dihydrooxazole, which is a precursor for the Garner’s aldehyde, were successfully 

hydroformylated with excellent enantioselectivities using diphosphite and bis-3,4-

diazophospholane ligands.26b-43Substrates containing bicyclic structures are of 

interest since they are present in several molecules of interest for medicinal 

applications.44 Despite the attractive synthetic route that asymmetric 

hydroformylation offers to achieve interesting products starting from biyclic 

olefins, only a few examples of chiral ligands have been able to hydroformylate 

bicyclic 1,2-disubtituted alkenes with high selectivities to date. Catalysts containing 

BINAPHOS analogous ligand 1.45 were able to hydroformylate 1,2-

dihydronaphthalene 1.46a and 1-H-indene 1.46b with enantioselectivities up to 

96% and excellent regioselectivities up to 97% (Scheme 1.16).  

Norbornene 1.48 and its derivatives are also interesting bicyclic alkenes for 

asymmetric hydroformylation. Bunel et. al. reported the first successful 

asymmetric hydroformylation of norbornene using TANGPHOS 1.26 in 2005.45 Full 

stereoselectivity to the exo-product and enantioselectivities up to 92% were 

obtained, and similar results were afforded for other derivatives (Scheme 1.16). 

KELLIPHITE 1.13 has been recently used in the hydroformylation of bicyclic lactams 

1.49a-b with full exo-selectivity and regioselectivities up to 90%.46 
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Scheme 1.16: Rh-catalyzed asymmetric hydroformylation of 1,2-bicyclic alkenes using ligand 1.45, 

1.23 and 1.13. 

1,1-Disubstituted Alkenes 

Only a few examples of successful AHF of 1,1-disubstituted alkenes have been 

reported to date. A number of ligands have been applied in the asymmetric 

hydroformylation of these substrates, nonetheless poor to moderate 

enantioselectivities were achieved even when the versatile ligands BINAPHOS 1.15 

and BINAPINE 1.25 were applied.47  In contrast, the successful asymmetric 

hydroformylation of α-alkyl acrylates 1.52 was reported by Buchwald and co-

workers using the (R,R)-BenzP* ligand 1.53 (Scheme 1.17).48 Excellent 

regioselectivities (up to 91%) and enantioselectivities (up to 94%) were obtained 

under very mild conditions. Later on, the same group reported the asymmetric 

hydroformylation of 3,3,3-trifluoroprop-1-en-2-yl acetate 1.54 using (R,R,S,S)-

DuanPhos 1.55 with enantioselectivities up to 92%. Furthermore, the synthesis of 
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enantiomerically pure 2-trifluoromethylallylic acid was achieved after oxidation 

and subsequent hydrolysis of the resulting aldehyde 1.56 at a 10 mmol scale.49 

Chirality at the phosphorus appeared as an important feature of the ligand to 

afford high enantioselectivities for these kinds of substrates. 

 
Scheme 1.17: Rh-catalyzed asymmetric hydroformylation of 1,1-functionalized olefins using ligands 

1.53 and 1.55. 

Recently, Zhang and co-workers reported the asymmetric hydroformylation of α-

alkylstyrene 1.58 using the hybrid phosphorus ligand 1.59 derived from 

YANPHOS.50 They obtained complete regioselectivity to the linear product and high 

ee for this kind of substrates (up to 93%) under mild conditions (5 bar of syngas 

and 80oC), although long reaction times are required (48h) (Scheme 1.18).  

 

Scheme 1.18: Rh-catalyzed asymmetric hydroformylation of α-alkyl styrene derivatives using ligand 

1.59. 

The combination of sterically hindered aryl groups in the phosphine together with 

the S,S configuration at the binaphthol group is described as key for the 
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enantioface differentiation in the migratory insertion, which is the 

enantioselectivity determining step. 

Despite the clear potential of asymmetric hydroformylation for the synthesis of 

chiral aldehydes, the application of this process at large scale has not yet been 

completed. As previously mentioned, aldehydes are not usually isolated as final 

products, since the real products of interest are usually products derived from the 

aldehydes. In this context, tandem processes with HF as the initial step constitute 

an interesting strategy. 

1.1.4. Rhodium catalyzed hydroaminomethylation 

Metal catalyzed processes have demonstrated their efficiency to carry out various 

types of chemical transformations. However, the possibility to carry out several 

catalytic transformations in “one pot” is even more attractive from an 

environmental and efficiency point of view. In this context, tandem catalytic 

processes are described as sequential catalytic transformations of the substrate 

through two, or even more, mechanistic pathways (Scheme 1.19).51  

 

Scheme 1.19: Scheme of a catalytic process from A to B, and a tandem process from A to C. 

There are three main types of tandem catalytic processes: a) orthogonal tandem 

catalysis is when two independent catalyst precursors are used in the same 

reaction, b) auto-tandem catalysis is when the same catalyst precursor is able to 

carry out the different transformations in the process, and finally c) assisted 

tandem process is when a single catalyst species can be modified by addition of an 

external reagent to perform a change in mechanism (Scheme 1.20).51a 
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Scheme 1.20: Scheme of the three types of tandem processes. 

As previously mentioned, aldehydes are very attractive building blocks in organic 

synthesis, but are usually not the final target molecule. For this reason, tandem 

hydroformylation processes are promising, since they allow the formation of 

versatile building blocks such as aldehydes, which in the same reaction vessel are 

transformed in situ into more interesting molecules (Scheme 1.21).  

Alcohols can be prepared by in situ reduction of the aldehyde using the same 

hydrogen pressure present in the medium.52 In the presence of a carbonyl 

compound such as an aldehyde and an organocatalyst, aldol reaction takes places 

to expand the structure of the molecule.53 It is also possible to create new C-C 

bonds if the aldehyde reacts with a phosphorus ylide via a Wittig reaction.54 On the 

other hand, aldehydes can act as electrophiles and react with a nucleophile 

present in the media. If the nucleophile is an alcohol, then hemi-acetals or acetals 

can be created.55 In the presence of a primary or secondary amine, imines and 

enamines can be easily prepared.56 When these imines or enamines are 

hydrogenated to create the corresponding amine, the reaction receives the name 

of hydroaminomethylation (HAM) (Scheme 1.21). 
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Scheme 1.21: Examples of hydroformylation tandem processes. 

The efficient and selective synthesis of amines using easily available and abundant 

precursors is a long-standing goal of chemical research, since they are powerful 

building blocks for the synthesis of pharmaceuticals, peptides, alkaloids and 

agrochemical, dyes, and monomers for polymerization.57 It has been estimated 

that worldwide amine demand will reach 19.9 billion $ between 2015 and 2020.58 

In this context, the metal catalyzed hydroaminomethylation reaction constitutes 

an attractive alternative to the classical multistep organic synthetic routes. The 

reaction was discovered by Reppe and co-workers between 1928 and 1944 at BASF 

company when they were studying the production of acrylamide by reaction of 

acetylene, carbon monoxide and ammonia using nickel and iron carbonyl 

catalysts.59  As a tandem reaction, several consecutive steps take place during the 

reaction: 1) first, the hydroformylation of the alkene affords the corresponding 

aldehyde; 2) the condensation of the amine with the aldehyde produces either an 

enamine or an imine, and 3) hydrogenation of the enamine or imine into the 

amine completes the reaction (Scheme 1.22). 
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Scheme 1.22: Tandem hydroaminomethylation for monosubstituted alkenes (only linear products 

are presented). 

Despite that ruthenium60 was used for this process, rhodium is in general the 

metal of choice for this reaction, due to its performance in hydroformylation,61 and 

efficiency in the hydrogenation of imines and enamines.62 From the mechanistic 

point of view, it is presumed that neutral [Rh(H)(CO)2L] (L = bidentate ligand) 

species catalyze the hydroformylation step (Scheme 1.4), while the hydrogenation 

of enamines and imines takes place in the presence of neutral or cationic species.63 

In this chapter, the catalytic cycle for enamine hydrogenation involving rhodium 

cationic species is described using Rh+ for simplification (Scheme 1.23).63a  

 

Scheme 1.23: Rh-catalyzed enamine hydrogenation mechanism via cationic species 1.61. 

First, hydrogen is coordinated to rhodium species 1.61 to generate Rh-η2-

dihydrogen complex 1.62. Then, enamine coordinates to rhodium complex 1.62 

through the nitrogen to afford complex 1.63. A first hydrogen transfer promotes 
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the formation of an iminium intermediate 1.64, which undergoes a second 

hydrogen transfer to release the final amine product and regenerates the initial 

cationic rhodium species 1.61 (Scheme 1.23).  

Phosphorus ligands are the most successful in the hydrogenation of both imines 

and enamines.64 Regarding the rhodium precursor, the cationic [Rh(L)2]X (L = COD 

or NBD, X = PF6, BF4, SbF6, etc.) precursors are usually applied,65 although in some 

cases neutral [RhCOD(µ-Cl)]2 has also proved to be successful.63b Kalck and co-

workers recently reported an equilibrium between neutral 1.65 and cationic 1.66 

species via protonation of the neutral species 1.67 (Scheme 1.24).66  

 

Scheme 1.24: Equilibrium between neutral and cationic rhodium species in hydroaminomethylation 

described by Kalck et. al. 

Hydrogenation of the alkene into the alkane and hydrogenation of the aldehyde 

into the corresponding alcohol are non-desired side reactions that can also take 

place in the process. Therefore, the catalytic system should be designed to 

perform the hydroformylation rapidly, to allow the condensation of the aldehyde 

with primary or secondary amines to be sufficiently rapid to generate the 

imine/enamine product. In this case, the hydrogenation of these latter species 

would be the rate determining step in the hydroaminomethylation reaction.67  

1.1.4.1. Monosubstituted alkenes 

The hydroaminomethylation of monosubstituted alkenes have been reported by 

several groups over the last decade. Among them, the most studied substrates are 

the arylalkenes, especially those derived from styrene, since arylethylamines 

exhibit pharmacological activity.68 Eilbracht and co-workers reported the rhodium 

catalyzed hydroaminomethylation of 1,1-diaryl-allyl-alcohols 1.68 and 1.69 and 
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vinyl benzoazepine 1.70 using a non-modified [Rh(µ-Cl)(COD)]2 catalyst to afford 

antihistaminic drugs such as Difenidol 1.71, Fluspirilene precursor 1.72 or 

biological active Trimipramine 1.73 (Scheme 1.25).69 

 
Scheme 1.25: Rh-catalyzed hydroaminomethylation of monosubstituted alkenes 1.68-1.70 using 

unmodified rhodium catalyst. 

Despite these results with non-modified catalysts, the use of catalytic systems 

containing phosphorus ligands are expected to provide high activity and selectivity 

for both hydroformylation and hydrogenation. Urrutigoïty et. al. reported the 

hydroaminomethylation of estragole 1.20f, a biorenewable starting material, using 

different class of monodentate phosphorus ligands (Scheme 1.26).70  

 

Scheme 1.26: Rh-catalyzed hydroaminomethylation of monosubstituted alkenes 1.20f and 1.8a using 

monodentate phosphorus ligands 1.74 and 1.75. 
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Furthermore, the electronic effect of the ligands was studied, showing that the 

mononodentate ligand 1.74 and derivatives provide better activity and selectivity 

than classical systems using triphenylphosphine and monophosphites. Similar 

studies were performed by Clarke and co-workers using the electrodeficient 

phosphine 1.75 in the hydroaminomethylation of styrene 1.8a (Scheme 1.26).63b-70 

In contrast to monodentate ligands, bidentate phosphorus ligands offer much 

stronger coordination and higher steric hindrance to the metal center. In 

consequence, diphosphine ligands tend to provide better chemo- and 

regioselectivities in the rhodium catalyzed hydroaminomethylation. Beller and co-

workers reported the use of Xantphos 1.78 together with the cationic precursor 

[Rh(COD)2]BF4 for the hydroaminomethylation of several terminal alkyl alkenes, 

aryl alkenes, and vinyl arenes.71 Excellent chemo- and regioselectivities to linear 

amines 1.76 and 1.79 were obtained (Scheme 1.27). 

 

Scheme 1.27: Rh-catalyzed hydroaminomethylation of monosubstituted alkenes for the production 

of linear amines using the Xantphos ligand 1.78. 

Vogt et. al. improved the results in terms of activity and regioselectivity to the 

linear amines using more π-acceptor diphosphorus ligands based on Xanthene.72 

Apart from linear amines, the production of branched arylethylamines through the 
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reaction of styrene with an amine is attractive due to the importance of these 

compounds in the pharmaceutical industry.73 In this context, Beller et. al. achieved 

the production of branched amines from styrene and derivatives using 1,1’-

bis(diphenylphosphino) ferrocene (dppf) 1.80 as ligand with excellent regio- and 

chemoselectivities. In this case, the use of a cationic precursor and a mixture of 

methanol/toluene as solvent was necessary to afford the desired products 

(Scheme 1.28).74 Moreover, the use of tetrafluoroboric acid (HBF4) was necessary 

to afford amines in high yields. 

 
Scheme 1.28: Rh-catalyzed hydroaminomethylation of styrene derivatives 1.8 for the production of 

branched amines 1.81 using dppf 1.80 as ligand. 

Apart from these systems, other groups successfully employed diphosphine 

ligands for the selective hydroaminomethylation of monosubstituted alkenes 

obtaining either linear or branched amines.75 

As previously mentioned, diphosphite ligands can provide excellent results in the 

hydroformylation of several alkenes due to their π-acceptor character. Despite 

their sensitivity to hydrolysis, diphosphite ligands have also been applied for the 

production of biological active compounds starting from monosubstituted 

alkenes.76 Ibutilide 1.82, Aripiprazole 1.83 or Tertefadine 1.84 are some examples 

of molecules of interests produced via hydroaminomethylation of 

monosubstituted alkenes using the bidentate biphephos derivative 1.85 ligand 

(Scheme 1.29).  
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Scheme 1.29: Rh-catalyzed hydroaminomethylation of monosubstituted alkenes using ligand 1.85 for 

the production of biological active molecules. 

In 2013, Zhang and co-workers reported that the tetraphosphorus ligand 1.92 

provided outstanding linear selectivity for the hydroaminomethylation of styrene 

and derivatives  (up to >99:1 n/iso) (Scheme 1.30).77 The high regioselectivity was 

explained by the high steric hindrance provided by the ligand, together with the 

increased chelating effect due to the presence of four phosphorus atoms. Apart 

from styrene, the same group produced amines from other terminal olefins such 

as 1-octene and 1-hexene with high regioselectivities to the linear amine product 

using the ligand family 1.92 and other tetraphosphorus ligands.78 
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Scheme 1.30: Regioselective Rh-catalyzed hydroaminomethylation of styrene and derivatives using 

ligand 1.92. 

In contrast to the large number of phosphorus ligands applied for both rhodium 

catalyzed hydroformylation and hydroaminomethylation, N-heterocyclic carbenes 

have been less applied for this reaction. In this context, Beller et. al. reported in 

2003 the hydroaminomethylation of terminal olefins using N-heterocyclic 

monocarbene ligand 1.93 and N-heterocyclic dicarbene 1.94  for the production of 

linear amines with excellent activities and chemoselectivities. In the case of 

styrene 1.8a, regioselectivities up to 21:79 n/iso were achieved using ligand 1.93. 

Nevertheless, in the case of terminal aliphatic olefins, the system provided poor 

regioselectivities (Scheme 1.31).79 Later, N-heterocyclic dicarbene ligand 1.94 was  

applied for the production of branched amines 1.95 from styrene 1.8a with good 

regioselectivities (up to 1:24 n/iso) (Scheme 1.31).80  

 

Scheme 1.31: Rh-catalyzed hydroaminomethylation of monosubstituted olefins using carbene ligands 

1.93 and 1.94. 
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1.1.4.2. Disubstituted alkenes 

Owing to the challenges mentioned before, disubstituted olefins have been less 

studied than monosubstituted alkenes, and efforts have been focusing on two 

main types of disubstituted substrates: 1,2- and 1,1-disubstituted olefins. 

1,2-Disubstituted alkenes 

The use of bulky diphosphine ligands with a large bite angle such as Xantphos 1.78 

and derivatives allowed the transformation of internal alkenes into terminal 

aldehydes in the hydroformylation reaction through isomerization of the double 

bond.81 Consecutive hydride transfer and β-H elimination allows the formation of 

terminal alkyl rhodium species, which are subsequently carbonylated into the 

linear aldehyde. Beller and co-workers applied these systems in the 

hydroaminomethylation of internal olefins using ligands 1.96-1.98 for the 

production of terminal amines with excellent regioselectivities (up to 99:1) 

(Scheme 1.32).56a-82 The same strategy was used by Zhang and co-workers using 

tetraphosphorus ligand 1.99, with excellent activities and selectivities towards the 

linear amines (Scheme 1.32).83 

 
Scheme 1.32: Rh-catalyzed isomerization-hydroaminomethylation of internal disubstituted olefins 

using large bite angle diphosphine ligands 1.96-1.98 and tetraphosphorus ligand 1.99. 
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1,1-Disubstituted alkenes 

The production of linear amines from 1,1-disubstituted olefins has been studied 

since the intrinsic properties of the substrate usually facilitate the production of 

the terminal product. The hydroaminomethylation of 1,1-disubstituted olefins 

1.102 containing of bis(methallyl)silane, ethers and amines for the production of 

the analogous linear amine 1.103 was achieved with good to excellent selectivities 

using non-modified rhodium precursor. Furthermore, molecules containing such a 

structure possesses potential biological activity (Scheme 1.33).84 Other groups also 

used non-modified rhodium catalysts to hydroaminomethylate dialkenes 1.104 

with diamines 1.105 for the production of oxo- and azamacroheterecyclic systems 

1.106, which are of interest due to their binding properties (Scheme 1.33).85  

 
Scheme 1.33: Rh-catalyzed hydroaminomethylation of 1,1-disubstituted olefins using non-modified 

rhodium catalysts. 

The hydroaminomethylation of 1,1-diarylethenes 1.107 gives access to 3,3-

diarylpropylamines 1.108, which are of pharmaceutical interest.86 In this context, 

Eilbracht et al. reported the synthesis of these compounds using a catalyst bearing 

tributylphosphine 1.109 with good selectivities towards the desired linear amines; 

however, high pressures (90/20 bar CO/H2) were necessary (Scheme 1.34).87 Later, 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Chapter 1 

40 
 

Beller and co-workers reported the selective synthesis of 3,3-diarylpropylamines 

1.108 via rhodium catalyzed hydroaminomethylation using the N-heterocyclic 

carbene 1.110 as ligand with low catalyst loading (0.1 mol%) (Scheme 1.34).79b 

More recently, Zhang and co-workers reported the synthesis of the same 

compounds using the diphosphine Naphos 1.96 with excellent selectivities, low 

pressures (20/10 bar CO/H2), and low catalyst loadings (0.1 mol%)  (Scheme 

1.34).88  

 

Scheme 1.34: Synthesis of Fenpiprane 1.108 through hydroaminomethylation of ethene-1,1-

diyldibenzene 1.107 using 1.109, 1.110 and 1.96 as ligands. 

The hydroaminomethylation of 2-(prop-1-en-2-yl)aniline derivatives 1.111 affords 

tetrahydroquinolines 1.112, which are of interest for the preparation of 

pharmaceuticals and agrochemicals.89 When compounds 1.113 containing a 

methylene group between the nitrogen and the aryl group are submitted, 7-

membered rings are produced; these compounds are known as 2-benzapepines 

1.114. For the synthesis of these compounds, the rhodium complexes containing 

the dinitrogen ligands 1.115 were used by Alper et al. obtaining good to excellent 

yields towards the desired amines (Scheme 1.35).90 
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Scheme 1.35: Rh-catalyzed hydroaminomethylation of 2-(prop-1-en-2-yl)aniline 1.111 and compound 

1.113 for the synthesis of tetraquinolines 1.112 and 2-benzapepines 1.114 using complex 1.115. 

In conclusion, the rhodium catalyzed hydroaminomethylation reaction has 

demonstrated its potential for the synthesis of amines. Nevertheless, several 

challenges remain to be tackled and a deeper understanding of the equilibrium 

between hydroformylation and hydrogenation catalysts is necessary.  

1.1.5. Homogeneous catalyst immobilization and continuous flow 

chemistry 

1.1.5.1. Homogeneous and heterogeneous catalysis 

Nowadays, over 90% of all industrial chemicals are produced through catalytic 

processes.91 Homogeneous, heterogeneous or even enzymatic catalysis are 

primarily molecular phenomenon since they involve the chemical transformation 

of molecules into new compounds. Despite the advantages that homogeneous and 

heterogeneous catalysis provide, there are main drawbacks to overcome in both 

cases.92 

The main type of heterogeneous catalysts are oxides and metal supported 

particles, which are in a different phase than the reagents and the products.93 

Therefore, an easy recovery of the catalyst can be achieved, thus facilitating their 

implementation in industrial processes. Nonetheless, harsh reaction conditions 

such as high temperatures and pressures are usually required in order to increase 
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the rate of diffusion of reactants towards the catalytic core, adsorption of 

reactants, products desorption, etc. Moreover, heterogeneous catalysis often 

provides low, and difficulty to identify and modify the active site of the catalysts. 

Despite these disadvantages, most bulk processes in industry are carried out via 

heterogeneous catalysis. 

Homogeneous catalysis, the catalyst and the reagents are in the same phase, 

usually a liquid phase. These catalysts provide high activity and selectivity, such as 

chemo-, regio- and enantioselectivity mainly because the performance of 

homogeneous catalysts can usually be tuned by variation in the structure of the 

ligands. Moreover, modern spectroscopic methods such as multinuclear NMR 

provide a deep understanding of the mechanisms at atomic level, which provide 

information for the design of more efficient catalysts. However, the main 

drawback of homogeneous catalysts is the difficulty to separate them from the 

reaction products, thus limiting the possibility of their recovery and re-use.3a 

Consequently, the research of more efficient catalytic systems that combine the 

advantages of both homogeneous (catalyst selectivity) and heterogeneous 

(catalyst recycling) catalysis is one of the challenges of modern chemistry.  

1.1.5.2. Homogeneous catalysts immobilization  

Several strategies have been developed for the recovery and reuse of 

homogeneous catalysts and for an appropriate separation of the catalyst from the 

products.94 Among the different approaches, the immobilization of homogeneous 

catalysts onto solid supports is the predominant strategy, and the resulting 

catalysts are known as “heterogenized catalysts”. Such heterogenized systems can 

be achieved via different approaches (Figure 1.1).95  
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Figure 1.1: Main approaches for the immobilization of homogeneous catalysts onto solid supports. 

Immobilization via covalent interactions 

The catalyst can be anchored onto the surface of the support via covalent binding; 

therefore, a chemical reaction between the solid support and the catalyst is 

required to create the covalent bond. Thus, the ligand must be designed to include 

a functionality that can react with the solid support, and extra synthetic efforts are 

necessary. Apart from the anchoring strategy, the design of the system has to 

avoid undesired interactions between the metal center and the support or the 

pro-immobilizable functional groups present in the support. Despite the additional 

efforts necessary, the strong interaction generated provides a robust 

heterogenized system, which minimizes the metal leaching. Several types of 

supports, such as inorganic oxides96 or polymeric supports97 can be applied for this 

strategy since they can contain hydroxyl groups98 or can be modified to contain 

nitrogen99 or sulfur100 groups that are suitable for covalent interactions (Figure 

1.2). 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Chapter 1 

44 
 

 
Figure 1.2: Example of different covalent interactions between catalysts and supports. 

Immobilization via non-covalent interactions 

In the case of non-covalent binding strategy, the interaction between the solid 

support is not based on a covalent bond but on other types of interactions 

between the support and the ligand such as electrostatic interactions, hydrogen 

bonding, Van de Waals forces, π-π interactions, etc.101 Since no reaction is 

necessary between the support and the catalyst to create a covalent bond, many 

of the systems do not require significant modifications of either the ligand nor the 

support; in consequence the cost for their preparation is lower, which makes it 

more attractive for potential industrial applications. However, the main drawback 

of these systems concerns the strength of the interactions between the catalyst 

and the solid support, which often lead to catalyst leaching. 

Immobilization via encapsulation 

The encapsulation strategy is based in the confinement of a homogeneous catalyst 

into a solid support. While the catalyst is encapsulated in the pores of the support 

and cannot diffuse through it, reactants and reagents have to be able to go 

through the support without restriction.101  

Since the encapsulation is primarily based on physical phenomena, no interaction 

between support and catalyst is required to maintain the catalyst attached. The 

parameters to take into account in order to minimize catalyst leaching are the 

pore size, the homogeneous distribution of the pore size along the support and the 

rigidity of the support. Zeolites102 and Ordered Mesoporous Silica (OMS)103 are 
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usually the supports of choice since they combine these characteristics. The 

preparation of heterogenized catalysts via encapsulation is based on two main 

strategies: building the catalyst inside the support or building the support around a 

preformed catalyst (Scheme 1.36).  

 

Scheme 1.36: Main strategies for catalyst entrapment into a porous solid support. 

1.1.5.3. Catalysis under continuous flow condition 

A continuous flow system is defined as a chemical process operating in a 

continuous manner.104  Over the last years, continuous flow processes have gained 

attention as an alternative to the traditional batch-based processes for the 

production of fine chemicals.3a Among the advantages that the flow offers, the 

most important are the improvement in heat and mass transfer,67-105 better 

control over residence time, enhanced energy efficiency due to improved 

temperature control,106 better isolation of the system for sensitive reactions to air 

and moisture, improved safety through operation since smaller volumes are 

applied.107 Moreover, flow chemistry can establish integrated processes, and in 

consequence, reduce the operation units and provide fully automated 

processes.108  

According to what Kobayashi and co-workers, the continuous flow systems can be 

divided in 4 types (Scheme 1.37).109 In type I, the reagents (A and B) are pumped 

through the reactor, where the reaction takes place, and finally the product is 
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obtained, however unreacted A and B, and side products are also collected. In 

contrast, type II contains a substrate (B) immobilized in the reactor wall. If 

substrate B is used in excess, substrate A can be completely transformed. 

Nonetheless, the reactor has to be changed with all the complications implied 

when substrate B is consumed. In type III, a homogeneous catalyst is applied to 

transform reagents A and B while they pass through the reactor.  

 

Scheme 1.37: Kobayashi's suggested type of continuous flow systems. 

Therefore, even if the reagents are fully converted into the desired product, extra 

separation step is necessary. In type IV, the catalyst lies immobilized inside the 

reactor and acts as heterogeneous catalyst. In this case, an immobilization step of 

the catalyst prior to catalysis is necessary; however, if the reaction proceeds 

ideally, no separation step is necessary and the catalyst can be easily recycled and 

reused. In summary, type IV is the ideal system for application in flow mode since, 

in principle, no separation from the catalyst is required.110 

In the following chapters, the synthesis of heterogenized chiral catalysts containing 

modified diphosphite ligands for the rhodium catalyzed asymmetric 

hydroformylation of bicyclic 1,2-disubstituted olefins in batch and flow mode will 
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be first described. Secondly, the rhodium catalyzed asymmetric 

hydroaminomethylation of 1,1-disubstituted olefins, namely α-alkyl acrylates, for 

the production of chiral γ-aminobutyric esters is reported. Furthermore, results on 

the rhodium catalyzed regioselective hydroaminomethylation of α-alkyl acrylates 

to produce β-amino esters are also included. 
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The main objective of this Ph.D. thesis deals with the development of efficient 

catalysts for rhodium catalyzed carbonylation of disubstituted olefins. For this 

purpose, the present work includes two main strategies: the immobilization of 

highly efficient rhodium complexes bearing diphosphite ligands onto carbon 

supports for the application of the rhodium catalyzed hydroformylation of 

norbornene in flow mode, and the application of the tandem rhodium catalyzed 

hydroaminomethylation reaction for the production of amines. 

 

The investigation detailed in Chapter 3 aims at the application of heterogenized 

rhodium catalysts for the asymmetric hydroformylation of norbornene under 

batch and flow conditions. The specific objectives of this chapter are: 

 

 To synthesize and characterize a set of new pyrene tagged chiral 

diphosphite ligands derived from glucose, and the preparation and 

characterization of the corresponding rhodium complexes. 

 To immobilize the rhodium complexes onto carbon supports in order to 

prepare new heterogenized catalysts for the asymmetric hydroformylation 

of norbornene. 

 To study the catalytic performance and recyclability of the heterogenized 

catalysts in the Rh-catalyzed asymmetric hydroformylation of norbornene 

in batch. 

 To study the catalytic performance of the heterogenized catalysts in the 

Rh-catalyzed asymmetric hydroformylation of norbornene under flow 

conditions. 
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The work described in Chapter 4 deals with the rhodium catalyzed asymmetric 

hydroaminomethylation of α-alkyl acrylates for the synthesis of chiral γ-

aminobutyric esters. The specific objectives of this chapter are: 

 

 To develop an efficient system for the synthesis of chiral γ-aminobutyric 

esters via rhodium catalyzed asymmetric hydroaminomethylation of α-

alkyl acrylates using one single catalyst. 

 To study the versatility of the system in the synthesis of γ-aminobutyric 

esters by testing various α-alkyl acrylates and amines. 

 To study the reactivity of the system via High-Pressure NMR and Infrared 

spectroscopy. 

 

The research described in Chapter 5 deals with the rhodium catalyzed 

regioselective hydroaminomethylation of α-alkyl acrylates for the synthesis of β2,2-

amino esters. The specific objectives of this chapter are: 

 

 To perform a screening of phosphorus ligands in the rhodium catalyzed 

regioselective hydroaminomethylation of methyl methacrylate with 

morpholine to afford branched products with high efficiency. 

 To develop an efficient system for the synthesis of β2,2-amino esters via 

rhodium catalyzed regioselective hydroaminomethylation of α-alkyl 

acrylates with secondary amines. 

 To develop an efficient system for the synthesis of β2,2-amino esters via 

rhodium catalyzed regioselective hydroaminomethylation of α-alkyl 

acrylates with primary amines. 

 To test various chiral phosphorus ligands in the rhodium catalyzed 

asymmetric hydroformylation of benzyl ethylacrylate to produce chiral 

products containing quaternary carbon centers.  
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3.1. Introduction 

3.1.1. Rhodium catalyzed AHF of [2.2.1]-bicyclic olefins  

As mentioned in chapter 1, the rhodium catalysed asymmetric hydroformylation of 

olefins constitutes an efficient strategy to access enantioenriched aldehydes. The 

selective hydroformylation of [2.2.1]-bicyclic olefins is a challenging area due to 

the following features (Scheme 3.1): 

1. Three chiral centers are generated upon desymetrization of the olefin 

through one C-C bond favored.1  

2. The symmetry of the molecule prevents regio-selectivity issues; 

nonetheless, endo- and exo-selectivities are important.2 Although in 

general exo-selectivity is preferred. 

3. Derivatives containing functional groups located opposite to the C=C bond 

might lead to interesting building blocks.3  

To the best of our knowledge, only a few successful reports have been described 

success on the rhodium catalyzed asymmetric hydroformylation of [2.2.1]-bicyclic 

olefins.4 

 

Scheme 3.1: Rh-catalyzed asymmetric hydroformylation of [2.2.1]-bicyclic olefins. 

Using the C2-symmetric diphosphine TangPhos ligand 3.1, Bunel et al. obtained 

exclusively the exo-product and ee up to 92% in the asymmetric hydroformylation 

of norbornene 3.2 (Scheme 3.2).4a However, long reaction times were required. 

In this context, various groups reported the use of diphosphite ligands in the 

asymmetric hydroformylation of [2.2.1]-bicyclic olefins.2a-4b Indeed, since they 

possess a strong π-acceptor character, they provided much higher activities with 
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full stereoselectivity towards the exo-product, and good enantioselectivities. In the 

specific case of norbornene, the hemi-spherical diphosphite ligands 3.3 were 

applied with good activity, full exo-selectivity, and good ee’s (Scheme 3.2). 

Recently, our group investigated the asymmetric hydroformylation of norbornene 

using the C1-symmetric diphosphite ligand 3.4 derived from ᴅ-glucofuranose with 

outstanding activity, high exo-selectivity, and good enantioselectivities (Scheme 

3.2).5 

 

Scheme 3.2: Rh-catalyzed asymmetric hydroformylation of norbornene using ligands 3.1, 3.3, and 

3.4. 

3.1.2. Homogeneous catalyst immobilization via π-π interactions 

The carbon nanotubes (CNTs) and other graphitic materials are of interest as 

supports to immobilize homogeneous catalysts via π-π interactions since they 

provide a stable anchoring for metal complexes (Figure 3.1).6 

π-π forces are non-covalent interactions that take place between the π electron 

densities of stacked aromatic systems.7 Benzene immediately comes to mind as 

model for aromatic interactions, nevertheless it was demonstrated that larger 
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aromatic systems, such as pyrene and coronene, form stronger interactions with 

CNTs through π- π stacking interactions.8  

 

Figure 3.1: Functionalization of CNT via non-covalent interactions (π- π interactions). 

Indeed, a study of π-interactions between organic molecules, such as benzene, 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), azulene, and pyrene with CNTs 

demonstrated that the stacking interactions between the pyrene (9.69 kcal/mol) 

moiety is ca. twice stronger than with benzene (4.61 kcal/mol).9 These reports 

therefore indicated that in order to obtain a stable heterogenized catalyst via such 

interactions, the presence of either a pyrene or coronene moiety within the 

structure of the catalyst/ligand is required. 

Within the last years, several groups reported the immobilization of  

homogeneous catalysts via π-π interactions onto different carbon materials. Qi-Lin 

and co-workers reported the asymmetric hydrogenation of olefin 3.7 using the 

pyrene tagged diphosphine ligand 3.8 (Scheme 3.3).10 The pyrene moiety was 

easily introduced in the structure of the ligand and the corresponding complex, 

which were subsequently immobilized onto multi-walled carbon nanotubes 

(MWCNTs). In this reaction, the immobilized system provided the same 

enantioselectivities than those obtained with the homogeneous system. 

Moreover, the catalyst was recycled up to 9 times, although it was necessary to 

increase the reaction time from the third run due to a loss of activity, but the 

enantioselectivity remained unaffected.  
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Scheme 3.3: Rh-catalyzed asymmetric hydrogenation of olefins 3.7 using pyrene tagged chiral 

diphosphine 3.8 for 9 runs. 

Later, Wang and co-workers reported the immobilization of the ruthenium catalyst 

3.10 for alkene metathesis onto single-walled carbon nanotubes (SWCTNs) via the 

introduction of a pyrene moiety in the backbone of the carbene ligand (Scheme 

3.4).11 The catalyst was recycled up to 7 cycles in the metathesis of various 

alkenes, although in this case, the increase of the reaction time was necessary 

after the third cycle in order to maintain similar conversions. Interestingly, the 

effect of the solvent was studied for the immobilization of the complexes, and it 

was concluded that polar solvents such as acetone or ethyl acetate are the most 

efficient to maintain the catalyst attached to the support, while non polar solvents 

such as benzene or toluene immediately detached the catalyst from the support. 

 

Scheme 3.4: Ru-catalyzed ring closing metathesis using complex 3.10@SWCNTs for 7 runs. 

Ouali et. al. modified a palladium dendritic catalyst for Suzuki coupling with a 

pyrene moiety to immobilize it onto the surface of carbon coated magnetic cobalt  

nanoparticles.12 This design did not only allow recycling the catalyst up to 10 times, 

but also facilitate the recovery of the catalyst, since cobalt nanoparticles are 

magnetic and can be easily trapped at the bottom of the flask using a magnet. 
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More recently, Peris and co-workers immobilized the carbene complexes 3.13-3.15 

onto reduced graphene oxide as an alternative to carbon nanotubes (Scheme 

3.5).13 The modified N-heterocyclic carbenes containing a pyrene moiety were 

easily synthesized, and coordinated to the corresponding metals for alkene and 

ketone hydrogenation, nitro reduction into amines, dehydrofluorination, alkyne 

hydrosilylation and 1,4-addition to α,β-unsaturated ketones with high activity and 

selectivity for the target molecule.  

 

Scheme 3.5: Pyrene tagged carbene complexes reported by Peris and co-workers. 

Despite the use of more apolar solvents such as toluene and the application of 

high temperatures (up to 100°C) the catalysts could be recycled up to 10 times 

without loss of either activity or selectivity. Along their studies, it was 

demonstrated that when the complexes contained two pyrene moieties instead of 

one, the catalyst leaching was reduced. 

Hermans and co-workers reported a pyrene tagged gold catalyst 3.16 for enyne-

cyclazation (Scheme 3.6).14 In this work, they demonstrated the so called 

“boomerang effect”, which consists in the detachment of the catalyst from the 

support during the catalysis using the appropriate solvent and temperature; at the 

end of the reaction the catalyst was again immobilized onto the carbon material by 

cooling the reaction mixture to -40°C (Scheme 3.6). Following this approach, they 

were able to perform the reaction for 4 runs with the same conversion and 

selectivity.  
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Scheme 3.6: Top: Gold pyrene catalyst 3.16 developed by Hermans and co-workers for enyne 3.17 

cyclazation. Bottom: Boomerang effect. 

Sun and co-workers reported the pyrene modified ruthenium catalyst 3.19 

immobilized onto MWCNTs for water splitting.15 Following the same strategy, 

Llobet et. al. reported the ruthenium catalyst 3.20 immobilized onto glassy carbon 

for water oxidation (Scheme 3.7).16 The catalyst provided an outstanding TON (up 

to 1 million).  

 

Scheme 3.7: Pyrene tagged ruthenium catalyst 3.19 and 3.20 for water oxidation. 
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3.1.3. Immobilized AHF catalysts in flow mode 

Despite the interest of hydroformylation, safety issues due to the use of explosive 

hydrogen and toxic carbon monoxide makes complicated the scale up and 

industrial application of hydroformylation. Moreover, the use of rhodium as 

precious metal makes necessary the recovery of such expensive metal. The 

implementation of rhodium catalyzed hydroformylation in flow processes is 

therefore an attractive strategy. In this context, rhodium catalyzed 

hydroformylation has recently been performed under flow conditions using 

different covalent immobilization strategies for the production of nonanal.17 

In the case of asymmetric hydroformylation, only a few examples were reported to 

date. To the best of our knowledge only two types of ligands have been 

immobilized onto solid supports for Rh-catalyzed asymmetric hydroformylation so 

far. The first work was reported by Nozaki and co-workers, who described the 

immobilization of the BINAPHOS ligand onto a cross-linked polymer matrix.18 To do 

so, the BINAPHOS ligand had to be modified via the introduction of a vinyl moiety 

in the naphthalenic backbone. This ligand was submitted to radical polymerization 

with a commercially available mixture of divinylbenzene that contains 1,2-, 1,3- 

and 1,4- divinylbenzene to finally afford the PS-BINAPHOS 3.21 ligand in a mixture 

3:97 (BINAPHOS : divinylbenzenes). As reported by the authors, the well 

distributed catalyst over the polymeric structure avoided the formation of dimeric 

species, which would be inactive in catalysis. Interestingly, when the immobilized 

catalyst was applied in the asymmetric hydroformylation of different alkenes such 

as styrene, vinyl acetate, (Z)-2-butene, and 3,3,3-trifluoropropene, the results 

obtained were similar in terms of activity and selectivity to those afforded in the 

homogeneous version.18c However, when recycling experiments were carried out 

in batch mode for the asymmetric hydroformylation of styrene, the activity 

dropped in the second run, and it was necessary to increase the time in the third 
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run in order to maintain the activity (Scheme 3.8). The loss of activity was 

attributed to the polymer-crushing during the reaction due to the mechanical 

stirring.  

 

Scheme 3.8: Rh-catalyzed asymmetric hydroformylation of styrene 3.22a recycling in batch mode 

using 3.21 immobilized ligand.  

Later, the same group reported the asymmetric hydroformylation of alkenes in 

flow mode using the same ligand 3.21 and supercritical CO2 as solvent for the 

reaction.19 In order to carry out the catalysis, different injections of styrene 

solution mixed with the syngas were passed through the catalyst bed. With this 

system in hands, it was possible to carry out up to 7 cycles in flow without 

significant loss of either activity (up to 90%) or selectivity. However, high pressures 

(120 atm) were necessary in order to maintain the activity around 90%. If the 

pressure was reduced to 88 atm, then the activity dramatically dropped to less 

than 20 %. On the other hand, the same system was used to hydroformylate 

various alkenes in different injections (cycles), and in all the cases good to 

excellent selectivities were afforded. It was possible to use the same catalyst to 

hydroformylate up to 6 different alkenes and in between, styrene was used in 

order to check if the activity was maintained. 

More recently, Landis and co-workers immobilized the bisdiazophospholane (BDP) 

ligand 3.24 onto different amine resins.20 To do so, extra synthetic steps were 

necessary to functionalize the homogeneous ligand with tetraacyl fluoride groups, 

which was reacted with amine groups present on the resins to attach the ligand. 
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Later, the unattached acyl fluoride groups were treated with (S)-

methylbenzylamine to generate tetracarboxamides. Finally, the synthesis of ligand 

3.25 was completed by capping with the resin-based primary amine sites with 

acetic anhydride that did not react with the tetraacyl fluoride BDP 3.26 (Scheme 

3.9), since free amine groups could serve as coordination points for 

[Rh(acac)(CO)2], and their presence can induce the racemization of the chiral 

aldehydes. Furthermore, Landis and co-workers immobilized the BDP ligand 3.24 

onto different resins with different length PEG linkers.  

 

 

 

 

   

 

 

 

The immobilized ligands 3.25 were tested in the Rh-catalyzed asymmetric 

hydroformylation of styrene and vinyl acetate. They observed that the separation 

between the support and the metal center is important since the longer the 

separation, the better the selectivities afforded. Nonetheless, lower 

regioselectivities and enantioselectivities were obtained in all cases when 

compared with the homogeneous catalyst. The ligand 3.25 was applied in batch 

mode and up to 9 cycles were performed in the Rh-catalyzed asymmetric 

hydroformylation of styrene with some variations in pressure in cycles 5, 7 and 9 

that demonstrated a negative effect on the enantioselectivity and positive effect 

on the b:l ratio using higher pressures. Catalyst leaching was measured after each 

cycle, and showed that the largest loss of catalyst takes place in the first cycles. 

Scheme 3.9: Synthesis of BPD immobilized ligand 3.25 onto resins. 
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Moreover, the effect of the solvent was tested in cycle 7, in which toluene was 

substituted by THF and provided a higher metal loss. 

Finally, a racemic version of the immobilized 3.25 was applied in a plug flow 

reactor to conduct the hydroformylation of vinyl acetate. The system was active 

for 6 runs (ca. 39 hours) with good regioselectivities for the branched product and 

full conversion. The largest loss of catalyst was in the first cycle (up to 6,1%)  and 

later remain at 0.5 % per cycle. 

3.2. Objectives of this chapter 

In view of the results described, the immobilization of chiral rhodium complexes 

bearing C1-diphosphite ligands derived from sugars could provide an interesting 

heterogenized system for the asymmetric hydroformylation of norbornene in flow. 

 

The specific objectives of this chapter are: 

 

 The synthesis and characterization of pyrene tagged C1-diphosphite ligands 

with spacer of different length between the sugar backbone and the 

pyrene. 

 The synthesis and characterization of the corresponding Rh (I) complexes. 

 The application of the pyrene tagged rhodium complexes in the AHF of 

norbornene. 

 The spectroscopic study of [RhH(CO)2(L)] (L = diphosphite pyrene tagged 

ligand) via HP-NMR spectroscopy. 

 The immobilisation of the Rh (I) complexes onto carbon supports. 

 The application of the heterogenized catalysts in the AHF of norbornene in 

batch and flow modes. 
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3.3. Results and discussion 

After retrosynthetic analysis of the pyrene tagged chiral diphosphite ligands 3.27 

and 3.28, the introduction of the pyrene moiety into the sugar backbone was 

proposed via condensation of pyrene containing groups 3.29 and 3.30, which 

contain a good leaving group (LG), with the alcohol 3.31 to afford 3.32 and 3.33. 

The following steps for the synthesis of ligands 3.27 and 3.28 proceeded as 

reported in the literature (Scheme 3.10).21 

 

Scheme 3.10: Retrosynthesis for the introduction of the pyrene moiety into the sugar structure. 

The alcohol 3.31 can be prepared from commercially available D-glucofuranose in 

two steps.22  

3.3.1. Synthesis of pyrene tagged chiral diphosphites 

The first step in the synthesis of the pyrene tagged chiral diphosphites ligands 

involves the reaction of D-glucofuranose 3.34 with N-bromosuccinimide (NBS) and 

triphenylphosphine.22 The reaction proceeds smoothly and the corresponding 

bromo derivative 3.35 was obtained in 75 % yield. Subsequent treatment of 3.35 

with sodium nitrite afforded the alcohol 3.31 in 30% yield (Scheme 3.11). 

 

Scheme 3.11: Synthesis of alcohol 3.31. 
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In the next step, 3.31 was deprotonated using sodium hydride as a base and 

reacted with the commercially available 1-(bromomethyl)pyrene 3.29a to afford 

3.32 in 73% yield (Scheme 3.12). 

 

Scheme 3.12: Synthesis of 3.32. 

In order to increase the length between the sugar backbone and the pyrene 

moiety, the synthesis of 3.33 was attempted. Different electrophiles bearing tosyl 

3.30a and iodo 3.30b leaving groups were tested as electrophiles. However, even 

when higher temperatures were applied, the desired product 3.33 was not 

detected (Table 3.1). 

Table 3.1: Attempted alkylation of 3.31 with pyrene derivatives 3.30a and 3.30b. 

 

Entry X 3.30 (equiv.) T(
o
C) Time 3.33

a 

1 OTs 2 r.t 16h n.d. 

2 OTs 2 60 48h n.d. 

3 I 2 r.t 16h n.d. 

4 I 2 60 48 n.d. 

a 
Yield was evaluated by preparative TLC, and by 

1
H NMR spectroscopy. 
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The reaction was followed by thin layer chromatography (TLC) and 1H NMR 

spectroscopy, however in all the cases only signals corresponding to the 

starting material were observed (entry 1-4, Table 3.1). When 3.30b was used at 

60°C (entry 4, Table 3.1), decomposition of the pyrene derivative was observed, 

but 3.33 was not detected.  

In view of these complications, the synthesis of a more electrophilic pyrene 

derivative 3.30c bearing a triflate group was performed by reaction of 

commercially available pyrenebutanol 3.36, triflic anhydride and triethylamine 

at room temperature in dichloromethane (Scheme 3.13). 

 

 

Scheme 3.13: Synthesis of 3.30c. 

Alkylation of alcohol 3.31 with triflate 3.30c was performed under the same 

conditions than for the synthesis of 3.32. Under these conditions, the desired 3.33 

was afforded in good yield (55%) (Scheme 3.14).  

 

Scheme 3.14: Synthesis of 3.33. 

The next step was the deprotection of the 3,5-acetal using acetic acid (AcOH) in 

water (60%) which provided diols 3.37 and 3.38 in excellent yields (up to 99%) 

(Scheme 3.15). These diols reacted with the freshly synthesized 

phosphochloridites with triethylamine to give the diphosphites 3.27 and 3.28 in 
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good yields (55-63%) (Scheme 3.15). The new compounds bearing pyrene moiety 

were fully characterized by NMR spectroscopy and mass-spectrometry (MS). Both 

ligands presented signals at 144-146 ppm as two doublets (ca. JP,P = 32-35 Hz) by 

31P NMR spectroscopy due to through space coupling between the two non-

equivalent phosphorus. 

 

Scheme 3.15: Synthesis of diphosphites 3.27 and 3.28. 

In conclusion, the pyrene tagged diphosphite ligands 3.27 and 3.28 were easily 

synthesized in a few synthetic steps. The synthesis of the ligand 3.27 did not 

require any synthetic extra effort compared to the analogous sugar derivative 

ligands. In contrast, the synthesis of ligand 3.28 required the synthesis of triflate 

derivative 3.30c to introduce the pyrene moiety.  

3.3.2. Synthesis of rhodium complexes bearing pyrene tagged diphosphite 

ligands 

In the previous reports on the immobilization of chiral ligands for asymmetric 

hydroformylation, the ligands were first immobilized onto the structure of the 

support, and subsequently corresponding complexes by adding [Rh(acac)(CO)2].
18c-

20 Using this strategy, issues related to the presence of unreacted metal precursors 
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and/or ligand can be predicted. Therefore, in this study, the coordination of the 

ligand at the rhodium center was completed prior to the immobilization. The 

rhodium complexes were prepared by mixing ligand 3.27 and 3.28 with neutral 

[Rh(acac)(CO)2] and cationic [Rh(COD)2]BF4 precursors (Scheme 3.16). The neutral 

complex [Rh(acac)(3.27)]  3.39 was afforded in moderate yield (33%), since it was 

necessary to purify the complex by column chromatography.  

 

Scheme 3.16: Synthesis of rhodium complexes 3.39, 3.40 and 3.41.  

 

In contrast, the cationic complexes [Rh(COD)(3.27)]BF4 3.40 and 

[Rh(COD)(3.28)]BF4 3.41 were readily prepared in excellent yields (up to 98%) since 

their purification was carried out by precipitation with pentane. All complexes 

were characterized by NMR spectroscopy and MS. 

When the complex 3.40 was analyzed in details by 1H NMR, signals from the 

pyrene moiety, coordinated cyclooctadiene (COD) and sugar backbone signals 

could be observed (Figure 3.2). In the 31P{1H} NMR spectra, the phosphorus were 

observed as second order signals at ca. 123 ppm (Figure 3.3). 
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Figure 3.2: 
1
H NMR spectra from complex 3.40. Signals from cyclooctadiene, benzylic proton, and 

pyrene emphasized. 

 

Figure 3.3: 
31

P{
1
H} NMR spectra from complex 3.40. 

3.3.3. Asymmetric hydroformylation of norbornene using the pyrene 

tagged ligands  

The new pyrene tagged ligands were tested in the asymmetric hydroformylation of 

norbornene to verify any possible effect that could be induced by the introduction 

of the pyrene tag (Table 3.2).  

First, the reaction was performed using the [Rh(acac)(CO)2] and [Rh(COD)2]BF4 

rhodium precursors under catalytic conditions; however no conversion of 

norbornene was observed (entry 1-2, Table 3.2). In contrast, when the system 
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[Rh(acac)(CO)2]/3.27 and [Rh(acac)(CO)2]/3.28 were applied, 15% conversion, full 

exo-selectivity and 62% ee were afforded (entry 3-4, Table 3.2). The ligand 3.5a 

bearing a butyl group instead of a pyrene was applied under the same reaction 

conditions, and provided similar results compared to diphosphites  3.27 and 3.28 

(entry 5, Table 3.2).5  

Table 3.2: Rh-catalyzed asymmetric hydroformylation of 3.2 using ligand 3.4a, pyrene tagged ligands 

3.27, 3.28 and complexes 3.40 and 3.41. 

 

Entry
a 

Catalyst Yield (%)
b 

exo  (%)
b
 ee (%)

c
 TOF (h

-1
) 

1 [Rh(acac)(CO)2] - - - - 

2 [Rh(COD)2]BF4 - - - - 

3 [Rh(acac)(CO)2]/3.27 15 >99 62 60 

4 [Rh(acac)(CO)2]/3.28 15 >99 62 60 

5 [Rh(acac)(CO)2/3.4a 15 >99 62 56 

6
 

[Rh(COD)(3.27)]BF4 3.40 24 >99 63 96 

7
 

[Rh(COD)(3.28)]BF4 3.41 25 >99 63 96 

a
Reaction conditions: Rh = 0.012 mmol, Rh/L = 1:1.1, Substrate/Rh = 1600:1, P = 18 bar (H2/CO, 

1: 1), solvent = 5 mL toluene, T = 20°C, t = 4h.
b
 Yield and exo-selectivity determined by 

1
H NMR 

spectroscopy and GC-MS using naphthalene as internal standard. Enantioselectivity of exo-

product measured by chiral GC analysis after reduction into the alcohol.  

Finally, the use of the rhodium complexes 3.40 and 3.41 provided higher 

conversion (up to 25%), full stereoselectivity towards the exo-product, and 

the same enantioselectivity (entry 5-6, Table 3.2). Thus, it was concluded 

that the pyrene moiety does not affect the catalytic performance of the Rh 

catalysts in this reaction. 
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3.3.4. HP-NMR study of [RhH(CO)2(3.27)] 

In order to gain information into the coordination mode of the new chiral 

diphosphites at rhodium under H2/CO atmosphere, HP NMR experiments were 

performed using diphosphite 3.27 (Scheme 3.17).  

 

Scheme 3.17: General mechanism for the formation of [RhH(CO)2(3.27)] species. 

The ligand 3.27 (1 equiv.) was added to a solution of [Rh(acac)(CO)2] (1 equiv.) in 

toluene-d8 at room temperature and left stirring for 10 minutes. Upon the addition 

of the ligand, a rapid change in the color of the solution was observed from green 

to yellow.  Next, the solution was introduced in a 5 mm HP-NMR tube, pressurized 

at 18 bar (H2/CO, 1:1), heated at 45oC and left shaking for 16 hours. Then, the HP-

NMR tube was placed into the spectrometer and the 1H and 31P{1H} NMR spectra 

were  recorded at room temperature (Figure 3.4).  

In the 1H NMR spectrum at 25°C, a broad doublet corresponding to the hydride 

signal of the [RhH(CO)2(3.27)] species was detected at -9.85 ppm (JRh,H = 1.3 Hz). 

Such small coupling constant was attributed to an eq-eq coordination mode.23 In 

the 31P{1H} NMR spectrum, a broad signal at 151 ppm was observed. The detection 

of such broad signal suggested that a fluxional process was taking place at room 

temperature. Thus, 1H and 31P{1H} NMR spectra were recorded at lower 

temperatures (Figure 3.4). When temperature reached -50°C, the broad signal 

observed at 151 ppm turned into two 2nd order signals that were assigned to two 

inequivalent phosphorus atoms bonded to rhodium. 
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Figure 3.4: 
1
H and 

31
P{

1
H} NMR spectra of complex [RhH(CO)2(3.27)] in toluene-d8 recorded at 

variable temperature. 

The coordination mode of analogous ligands that contain alkyl groups was 

previously reported under the same conditions and provided similar results.21 

Simulations of the 31P{1H} NMR spectra using gNMR V4.0 software confirmed an 

exchange of the inequivalent phosphorus atoms in the eq-eq mode was taking 

place (Scheme 3.18). 

 

Scheme 3.18: Equilbrium between species bearing C1-symmetric diphosphite ligands. 

Finally, 1H-1H Nuclear Overhauser Effect Spectroscopy (NOESY) experiment was 

performed to detect any through space interaction between the hydride and the 

pyrene moiety. However, only interactions with the sugar backbone were 

observed. With these results in hand, it was concluded that ligand 3.27 

coordinates in an eq-eq coordination mode with an exchange between 

25°C 

-50°C 

-70°C 

31P{1H} NMR 1H NMR 
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phosphorus atoms, similarly to ligands 3.4. On the other hand, NOESY experiments 

confirmed that the pyrene moiety is far from the Rh-H center. Therefore, the 

pyrene moiety has no effect in the coordination of the ligand in the studied 

[RhH(CO)2(3.27)] species, which is in agreement with the catalytic results that 

showed that the stereo- and enantioselectivity remained unaffected. 

3.3.5. Immobilization of complexes 3.40 and 3.41 onto carbon materials 

To complete the synthesis of the corresponding heterogenized catalysts, the 

rhodium complexes 3.40, and 3.41 were reacted with several carbon supports 

following the procedure described in Scheme 3.19.  

 

Scheme 3.19: Procedure for the immobilization process of pyrene tagged complexes onto MWCNTs. 

The optimization of the conditions for the immobilization was carried out using 

MWCNTs as carbon support (Table 3.3). The solvents used for the immobilization 

were dichloromethane and ethyl acetate (EtOAc), since polar solvents favor the π-

π interactions between the pyrene and the support.11 The procedure for the 

immobilization was the following: first, the carbon support was dispersed by 

sonication in the solvent of choice for 30 minutes. Then, the complex was added as 

a solid to the solution, and the mixture was left stirring at room temperature for 

16 hours. It is worth mentioning that the amount of solvent, and therefore the 

concentration, is important. When MWCNTs are dispersed into the solvent, a 

sufficient amount of solvent is necessary to avoid the formation of a muddy 

solution. Finally, the heterogenized catalyst is filtrated and washed three times 

with the solvent used for the immobilization. The amount of complex immobilized 

onto the MWCNTs was analyzed by Induced Coupled Plasma (ICP) of the solid after 
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filtration. Interestingly, the rhodium complex that is not immobilized can be easily 

recovered after the filtration and subsequently reused.  

Table 3.3: Optimization of reaction conditions for the immobilization of rhodium complexes 3.40 and 

3.41 onto carbon supports. 

 

Entry Complex Support Support/Complex
a 

Solvent Rh (wt %)
b 

1 3.40 MWCNTs 10 CH2Cl2 0.17 

2 3.41 MWCNTs 10 CH2Cl2 0.15 

3 3.40 MWCNTs 5 CH2Cl2 0.19 

4 3.40 MWCNTs 10 EtOAc 0.25 

5 3.40 MWCNTs 3 EtOAc 0.45 

6 3.41 MWCNTs 3 EtOAc 0.41 

7 3.41 rGO 3 EtOAc 0.48 

8 3.41 CBs 3 EtOAc 0.56 

9
 

3.41 N-CNTs 3 EtOAc 1.13 

10
 

3.41 S-CNTs 3 EtOAc 2.21 

a
 Support/Complex ratio = weight Support/ weight Complex. 

b
 Determined by ICP analysis of the 

solid after filtration.  

A ratio 10:1 of MWCNTs/complex (wt/wt) was first tested to immobilize complexes 

3.40 and 3.41, with dichloromethane as solvent (entries 1-2, Table 3.3). Under 

these conditions, a similar amount of Rh was measured for both complexes (ca. 

0.15wt %). When a lower MWCNTs/Complex ratio was used (entry 3, Table 3.3), a 

slight increase in Rh loading was observed. In view of these results, EtOAc was 

used as solvent for the immobilization reaction (entries 4-6, Table 3.3). 
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Using this solvent, the Rh loading could be increased up to 0.45 wt % for both 

complexes. Moreover, the complex 3.41 was immobilized onto commercially 

available reduced graphene oxide (rGO) and commercially available mesoporous 

carbon beads (CBs),  that were treated at 2000°C for one hour.24 In both cases, the 

complex 3.41 was successfully immobilized onto the carbon supports with an Rh 

content of 0.48% in the case of the 3.41@rGO, and 0.56% in the case of the 

3.41@CBs (entries 7-8, Table 3.3). Interestingly, CBs are easy to handle due to 

their large size (0.5-1 mm), which facilitates the filtration and recovery of the 

material.  

Finally, in collaboration with the group of Prof. Philipe Serp from Toulouse, the 

immobilization of complex 3.41 was attempted onto nitrogen (N) and sulfur (S) 

doped CNTs under optimized conditions (entries 9-10, Table 3.3). To our delight, 

the presence of heteroatoms at the surface of the carbon material increased the 

immobilization up to 2.21 wt% (entries 9-10, Table 3.3). 

The new heterogenized catalysts 3.40@MWCNTs and 3.41@MWCTNs were 

analyzed by X-ray photoelectron spectroscopy (XPS) (Figure 3.5). The analysis 

showed two signals at 308.9 and 312.9 eV which correspond to Rh (I) ions at the 

surface of the solid.  

In conclusion, the rhodium complexes 3.40 and 3.41 were successfully immobilized 

onto MWCTNs using EtOAc as solvent. XPS analysis confirmed that the oxidation 

state of the rhodium center did not change through the immobilization. Finally, 

complex 3.41 was successfully immobilized onto rGO and CBs with similar results 

than those obtained with MWCNTs. Interestingly, the use of doped CNTS provided 

material with higher Rh content. 
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3.3.6. AHF of norbornene in batch using heterogenized catalysts 

At this stage, the heterogenized catalysts 3.40@MWCNTs and 3.41@MWCNTs 

were tested in the asymmetric hydroformylation of norbornene 3.2 under batch 

conditions. In this case, the solvent was switched to ethyl acetate to maximize the 

interaction between the support and the catalyst (Table 3.4). Using the catalyst 

3.40@MWCNTs, no conversion was observed at 20°C (entry 1, Table 3.4). 

However, when the reaction was set at 40°C, the aldehyde 3.5 was obtained in 

moderate yield (48 %, entry 2, Table 3.4). When the temperature was increased to 

60oC, full conversion towards the desired product was obtained. Although the exo-

selectivity was excellent in all cases, the enantioselectivity was only 30% (entry 2-

3, Table 3.4). In contrast, the catalyst 3.41@MWCNTs showed some activity at 

20°C (entry 4, Table 3.4), indicating a clear effect of the length of the linker 

between the pyrene moiety and the ligand. Under these conditions, 37% ee was 

obtained. This value is lower than that afforded with the catalyst 3.41 prior to its 

Figure 3.5: XPS spectra of 3.40@MWCNTs. Inset: Rh narrow scan. 
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immobilization (up to 63%) (entry 6, Table 3.2). These results clearly indicate that 

the support has a negative effect in batch mode. Finally, when the Rh loading and 

the reaction time were increased, higher yield (up to 40%) was obtained; however 

the enantioselectivity remained lower than at the previously obtained with the 

homogeneous catalyst (entry 5, Table 3.4). In order to study the effect of the 

support in the different heterogenized catalysts, 3.41@CBs was tested in the AHF 

in batch of 3.2 and provided 3.5 in 40% yield and 40% ee (entry 6, Table 3.4).  

Table 3.4: Rh-catalyzed asymmetric hydroformylation of 3.2 using heterogenized catalyst. 

 

Entry
a 

Catalyst T (
o
C) NMR Yield (%)

b 
ee (%)

c 
TOF(h

-1
) 

1 3.40@MWCNTs 20 - - - 

2 3.40@MWCNTs 40 48 30 60 

3 3.40@MWCNTs 60 >99 30 125 

4 3.41@MWCNTs 20 7 37 9 

5
d 

3.41@MWCNTs 20 40 38 16 

6
d 

3.41@CBs 20 40 40 16 

7
d 

3.41@N-CNTs 20 15 40 6 

8
d 

3.41@S-CNTs 20 13 39 6 

a
 Reaction conditions: Catalyst: 0.00036 mmol, Substrate/Rh = 500, P = 18 bar (H2/CO, 1:1), 

solvent = 1 mL EtOAc, T = 20°C, t = 4h. 
b
 Yield and exo-selectivity determined by 

1
H NMR 

spectroscopy and GC-MS using naphthalene as internal standard. 
c
 Enantioselectivity of the 

exo-product measured by chiral GC analysis after reduction into the alcohol.
 d

 Substrate/Rh = 

1000, t = 24h. 

When 3.41@N-CNTs and 3.41@S-CNTs were used, the yield obtained was up to 

15% and enantioselectivity afforded was up to 40% (entries 7-8, Table 3.4). 

Therefore, it can be concluded that independently from the support used, the 

enantioselectivity is negatively affected. Moreover, the lower yields afforded using 

N- and S-doped CNTs might be due to coordination of the Rh center to these 

heteroatoms, thus inhibiting the coordination of norbornene 3.2. 
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Such negative effects of supports on both the activity and selectivity of 

heterogenized catalysts were previously reported.25  

At this point, recycling experiments were performed to probe the robustness of 

the catalyst 3.41@MWCNTs (Table 3.5). However, a drop in activity was observed 

upon recycling of the catalyst and in the 3rd run, no conversion was observed. ICP 

values of the solid after each run demonstrated that almost 78% of the rhodium 

content is lost in the first run, and the rest is removed in the second. This result 

then explains the lack of conversion obtained in the third run. 

Table 3.5: Recycling experiments in batch in the asymmetric hydroformylation of 3.2. 

 

Run
a 

Catalyst T (°C) NMR Yield (%)
b 

ee (%)
c 

Rh lost %
d 

1 3.41@MWCNTs 20 40 38 78 

2 3.41@MWCNTs 20 5 38 20 

3 3.41@MWCNTs 20 - - n.d. 

a
 Reaction conditions: Catalyst: 0.00036 mmol, Substrate/Rh = 1000, P = 18 bar, H2/CO = 

1, solvent = 1 mL EtOAc, t = 24h. 
b
 Yield and exo-selectivity determined by 

1
H NMR 

spectroscopy and GC-MS using naphthalene as internal standard. 
c
 Enantioselectivity of 

the exo-product measured by chiral GC analysis after reduction into the alcohol.
 d

 

Measured by ICP from the solid after filtration. 

These results therefore clearly indicate that catalyst leaching from the support 

takes place during the AHF reaction. This could be due to the removal of rhodium 

species 3.41 from the support during the reaction. However a negative effect of 

the magnetic stirring couldn’t be discarded. Nozaki and co-workers previously 

reported such issues during the recycling of their catalyst attached on cross-linked 

polystyrene and concluded that the magnetic stirring could crush the polymer 

during the reaction.18b Similar issues might therefore explain the results obtained 

with the systems developed in this study. 
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3.3.7. Continuous AHF of norbornene in flow  

In view of the results obtained in batch, the catalyst 3.41@MWCNTs was tested in 

the asymmetric hydroformylation of norbornene 3.2 under flow conditions. The 

continuous flow experiments were carried out at the Technical University of 

Denmark (DTU) in collaboration with the group of Prof. Anders Riisager.  

Reactor flow design and standard procedure 

The stock solution of norbornene 3.2 was fed into the flow reactor by means of a 

HPLC pump. The nitrogen and the H2/CO syngas mixture (1:1) were fed into the 

reactor by means of mass flow controllers (MFC). The mixed flow was then 

introduced into a U-shape reactor tube where the fixed bed was situated on the 

left side containing the solid catalyst diluted in silica, while the right side was filled 

with glass beads in order to favor the mixing between the gas and liquid phase 

(Figure 3.6). If glass beads were not used, clogging of the reactor was observed. 

The reaction took place in the packed bed and the products flew out of the reactor 

to be collected in a cold trap at –77°C using isopropanol (iPrOH) and dry ice. 

Once the catalyst was charged, the procedure to carry out the catalysis was the 

following: first, the reactor was filled with nitrogen in order to have the system 

under inert atmosphere. Once the desired pressure was reached, the system was 

filled with syngas, and left at this pressure for 30 minutes in order to detect any 

possible leaking in the system, and to activate the catalyst. With the system stable 

at the desired pressure of syngas, the stock solution of norbornene 3.2 was 

pumped into the system at the desired flow. At this moment, the reaction started. 

However, ca. 30-50 minutes were necessary prior to the collection of the first 

samples to analyze. In Table 3.6, the standard parameters for the flow 

experiments are described. The effects of other parameters such as solvent and 

pressure were varied and the results will be described in the following sections. 
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Figure 3.6: U-shape reactor design. Right: glass wool and glass beads. Left: Catalyst bed and glass 

wool. 

Table 3.6: Reaction conditions for the asymmetric hydroformylation of 3.2 under continuous flow 

conditions. 

 

[3.2] (M) µ3.2 (mL/min) µCO (mL/min) µH2 (mL/min) T (oC) Rh µmol 

0.75 0.66 22 22 20 3.5 

Effect of the solvent 

Two solvents (EtOAc and acetone) were tested to compare the performance of 

3.41@MWCNTs under these conditions. The syngas pressure was 10 bar (H2/CO, 

1:1) (Figure 3.7). When ethyl acetate was used as solvent, a peak in activity was 

Catalyst bed 

Glass wool 

Glass wool 

Glass wool 

Glass wool 

Glass beads 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Chapter 3 

 

90 
 

observed after 60 minutes of reaction with 9 % of conversion. Later, the activity 

started to slowly drop. In the case of acetone, similar activity was observed (up to 

11%) at 40 minutes; however, the drop in activity was stronger than in the case of 

EtOAc. In both cases, yellowish solutions were observed probably due to catalyst 

leaching from the support. Since EtOAc showed a lower decay in activity, it was 

selected as solvent for the following experiments.  

 

Figure 3.7: Conversion vs. time on stream for asymmetric hydroformylation of 3.2 using 

3.41@MWCNTs under continuous flow; reaction conditions are displayed in Table 3.6. 

Effect of the total pressure 

Next, the effect of the total syngas pressure was investigated. Three pressures 

were studied: 5, 10 and 14 bar. Since the activity afforded in the previous 

experiment was low (Figure 3.7), the substrate solution flow was decreased to 

0.33 mL/min in order to enhance the contact time and therefore obtain higher 

conversions. First, the reaction was carried out under 5 bar (H2/CO, 1:1) of 

pressure for 240 min (Top, Figure 3.8). During the first minutes, conversions up to 

14% were measured, and decreased after 100 min of reaction. It then remained 

constant at ca. 5% until 240 min. Interestingly, enantioselectivity started at similar 

values than the homogeneous reaction (ca. 62%) and increased up to 72% where it 
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remained constant until the end of the experiment (Bottom, Figure 3.8). Under 10 

bar of syngas, higher conversions (up to 18%) (Top, Figure 3.8) and similar 

enantioselectivities (up to 73%) were afforded (Bottom, Figure 3.8).  

 

 

Figure 3.8: Rh-catalyzed asymmetric hydroformylation of 3.2 using 3.41@MWCNTs at three different 

pressures under flow conditions. Top: effect of the pressure on the conversion. Bottom: effect of the 

pressure on the enantioselectivity. Conversion determined by GC-analysis. Enantioselectivity 

determined by chiral GC analysis after the reduction into the alcohol. 

When the pressure was further increased to 14 bar, conversions up to 21% were 

measured (Top, Figure 3.8), although a slight decrease in enantioselectivity was 
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detected (up to 68%) (Bottom, Figure 3.8). In all cases, full stereoselectivity to the 

exo-product was obtained, as in the homogeneous case. Under these conditions, 

the activity of the catalyst reached its highest value after ca. 100 min and then 

started to drop. Furthermore, during the collection of the first samples (between 

50 and 120 min), the solution was colored as in the previous experiments. In view 

of this results, 10 bar (H2/CO, 1:1) of pressure was selected since it provided the 

best compromise for activity and enantioselectivity. 

The increase in ee observed when comparing batch and flow results were 

attributed to an improved gas-liquid mass transfer under continuous conditions. 

Indeed, it has been previously reported that the enantioselectivity is highly 

dependent on the concentration of the gases in solution, especially CO,26 and that 

in flow reactors, the solubility of the gases can be improved due to the better gas-

liquid mass transfer.27 

Effect of the carbon support 

Motivated by these results, we decided to study the effect of the carbon support 

was studied using two of the heterogenized 3.41@rGO and 3.41@CBs previously 

synthesized at 10 bar of syngas pressure (Figure 3.9). When 3.41@rGO was used, 

the conversion first reached 13% after 70 min, and then dropped to 7% after 240 

min. During the reaction, total stereoselectivity for the exo-product was again 

obtained, and the enantioselectivity obtained was ca. 64%. In the case of 

3.41@CBs, the maximum of conversion (up to 14%) was afforded after ca. 60 min 

of reaction, to finally drop until 10% after 240 min of reaction. Throughout the 

reaction, total stereoselectivity for the exo-product was again observed, and 

interestingly, the enantioselectivity obtained was up to 75%. 

In conclusion, both heterogenized complexes provided slightly lower initial 

conversions compared to 3.41@MWCNTs, nonetheless the decay in conversion 

was less pronounced, which suggests a more stable immobilization of the catalyst. 
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Figure 3.9: Rh-catalyzed hydroformylation of 3.2 using 3.41@support in continuous flow. Top: Effect 

of the support in the conversion. Bottom: effect of the support in the enantioselectivity. Conversion 

was determined by GC-analysis. Enantioselectivity determined by chiral GC analysis after the 

reduction into the alcohol. 

The explanation for this behaviour might be related to the larger surface are of 

rGO (500-400 m2/g) and CBs (211 m2/g) compared to MWCNTs (80 m2/g), and the 

strength of the ligand interactions with the support. While rGO contains hydroxyl 

and carboxylic groups that might interact with the catalyst, CBs are mesoporous 
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and might contain catalyst entrapped inside the structure, which might hinder its 

detachment from the support. 

In terms of stereoselectivity all the heterogenized complexes maintained the full 

selectivity for the exo-product. Regarding the enantioselectivity, 3.41@rGO 

provided lower enantioselectivity than the other heterogenized catalysts, while 

3.41@CBs afforded similar results than 3.41@MWCNTs. The decrease in 

enantioselectivity for the 3.41@rGO might be due to the presence of hydroxyl and 

carbonyl groups at the surface of the supports which may affect the phosphite 

ligand or the catalyst. Thus, 3.41@CBs provided the best results in terms of 

conversion and enantioselectivity. 

In view of the results afforded by 3.41@CBs, the robustness of the system was 

probed with two experiments. First, the catalyst 3.41@CBs was left overnight 

under 10 bar of syngas after the experiment previously described. At this point, a 

new reaction was started (Figure 3.10). During the first minutes high activity was 

observed (up to 37%), which is probably due to the presence of aldehyde product 

3.3 remaining from the previous experiment. However, when activity went back to 

10%, it decayed only until 8% after 240 min of experiment. Furthermore, the 

enantioselectivity was 73%. This experiment indicated that our catalyst remained 

active and selective even when left under pressure for several hours. The slight 

decay in activity observed might again be due to catalyst detachment or to a 

catalyst deactivation.  
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Figure 3.10: Rh-catalyzed asymmetric hydroformylation of 3.2 using 3.41@CBs after 16h under 

H2/CO pressure. Conversion determined by GC-analysis. Enantioselectivity determined by chiral GC 

analysis after the reduction into the alcohol. 

For the second experiment, the amount of rhodium was increased to 11 µmol 

(Figure 3.11). As expected, when more catalyst was used, the conversion increased 

(up to 35%) compared to previous experiments, and enantioselectivity remained 

unaffected (up to 74%). After 360 min of experiment, the activity was 28% and the 

enantioselectivity remained unaltered. 

In conclusion, the three heterogenized catalysts 3.41@MWCNTs, 3.41@rGO and 

3.41@CBs were successfully applied in the asymmetric hydroformylation of 

norbornene 3.2 in flow. The rGO and CBs provided a lower decay in conversion 

compared to MWCNTs, possibly due to the larger surface area of this support. On 

the other hand, the catalyst supported on rGO provided lower enantioselectivity 

than the other supported catalysts. Thus, CBs constituted the best support of the 

series in terms of conversion and enantioselectivity. When the 3.41@CBs was 

tested after 16h under syngas pressure, the same activity and enantioselectivity 

was obtained, proving that the catalyst remains stable after this time. When larger 
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amounts of rhodium were used, the conversions obtained were higher and the 

enantioselectivity remained high (up to 75%). 

  

 

Figure 3.11: Rh-catalyzed asymmetric hydroformylation of 3.2 using 3.41@CBs in continuous flow. Rh 

= 11µmol. Conversion determined by GC-analysis. Enantioselectivity determined by chiral GC analysis 

after the reduction into the alcohol. 

3.4. Conclusions 

From the study described in this chapter, the following conclusions can be 

extracted: 

i) The chiral pyrene tagged diphosphite ligands 3.27 and 3.28 were 

synthesized in good yield (55-63%) and fully characterized by NMR 

spectroscopy and MS.  

ii) The cationic complexes [Rh(COD)(3.27)]BF4 3.40 and [Rh(COD)(3.28)]BF4 

3.41 were synthesized in excellent yields, and fully characterized by NMR 

spectroscopy and MS.  
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iii) The pyrene tagged catalysts were applied in the homogeneous asymmetric 

hydroformylation of norbornene 3.2 with similar results to analogous alkyl 

diphosphites in terms of activity and selectivity. Therefore, the pyrene 

moiety does not affect the activity or selectivity of the resulting catalyst. 

iv) HP-NMR studies revealed an eq-eq coordination mode of the ligand 3.27 

in the [RhH(CO)2(3.27)] species with a fast exchange between phosphorus 

atoms, similarly to analogous diphosphite ligands. 

v) The rhodium complexes 3.40 and 3.41 were successfully immobilized onto 

MWCNTs using EtOAc as solvent under very mild conditions to afford the 

heterogenized catalysts 3.40@MWCNTs and 3.41@MWCTNs. The 

complex 3.41 was also immobilized onto rGO and CBs with similar catalyst 

loading and onto N-CNTs and S-CNTs with higher Rh content. 

vi) Both 3.40@MWCNTs and 3.41@MWCNTs were used in the AHF of 

norbornene 3.2 in batch. The catalyst 3.41@MWCNTs provided the best 

result proving that the separation between the pyrene and the ligand was 

important. However, the immobilization proved to have negative effects 

on both the activity and enantioselectivity of the catalyst. The other 

heterogenized catalysts were also used in the AHF of norbornene 3.2 and 

all provided the same enantioselectivity. Lower yield was obtained in the 

case of the catalyst immobilized at the N- and S-CNTs. 

vii) Recycling experiments with 3.41@MWCNTs were performed in the AHF of 

norbornene 3.2 in batch mode. However, the catalyst activity drastically 

dropped in the second run due to catalyst leaching. 

viii) The catalyst 3.41@MWCNTs was successfully applied in the AHF of 

norbornene 3.2 under flow conditions. After optimization, the catalyst was 

active for 240 min., but loss of activity was observed over time due to 

catalyst detachment. Nonetheless, the enantioselectivity obtained was 

slightly higher than in the homogeneous case. 
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ix) The heterogenized catalysts 3.41@rGO and 3.41@CBs were also applied in 

the AHF of norbornene 3.2 under flow conditions. Interestingly, a lower 

decay in activity compared to 3.41@MWCNTs was observed. Regarding to 

the enantioselectivity, 3.41@rGO displayed lower values while 3.41@CBs 

provided similar results than 3.41@MWCNTs. 

x) Among the heterogenized catalysts, 3.41@CBs provided the best 

performance in terms of activity, selectivity and robustness, and it was 

possible to increase the catalyst loading without affecting the stereo- and 

enantioselectivity. 

3.5. Experimental part 

3.5.1. General considerations 

All the reactions were carried out using Schlenk-line or glovebox techniques. 

Anhydrous solvents were collected from the system Braun MB SPS-800 except 

from EtOAc, which was dried with CaH2, and stored under inert atmosphere. 

 

Commercially available reagents were purchased from Sigma Aldrich, Alfa Aesar 

and Acros Organics and were used as received,  without  further purification, 

unless otherwise  stated. MWCNTs were purchased to HeJi, rGO to Graphenea, 

and CBs to MAST Carbon International. 

The ligand 3.4a, compounds 3.35, 3.31 and phosphochloridite used in the 

synthesis of the diphosphite ligands were synthesized according to the literature.22 

 

1H, 13C{1H}  and 31P{1H}  NMR spectra were recorded using a Varian Mercury VX 400 

(400, 100.6, and 161.97 MHz respectively). Chemical shift values (δ) are reported 

in ppm relative to TMS (1H and 13C{1H}) or H3PO4 (
31P{1H}), and coupling constants 

are reported in Hertz. The following abbreviations are used to indicate the 
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multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; bs, broad 

signal. High-resolution mass spectra (HRMS) were recorded on an Agilent Time-of-

Flight 6210 using ESI-TOF (electrospray ionization-time of flight). Samples were 

introduced in the mass spectrometer ion source by direct injection using a syringe 

pump and were externally calibrated using sodium formate. The instrument was 

operating in the positive ion mode. Reactions were monitored by TLC carried out 

on 0.25 mm E. Merck silica gel 60 F254 glass or aluminum plates. Developed TLC 

plates were visualized under a short-wave UV lamp (254 nm) and by heating the 

TLC plates that were previously dipped in potassium permanganate. Flash column 

chromatography was carried out using forced flow of the indicated solvent on 

Merck silica gel 60 (230-400 mesh). Hydroformylation reactions in batch were 

carried out in a 5-positions 10 mL Parr stainless steel autoclave reactor. Gas 

chromatographic analysis was carried out using a HP 6890 gas chromatograph 

instrument (J&W Scientific split/splitless injector, HP-5 column 25 m  0.25  0.33 

mm, carrier gas: 150 kPa He, FID detector) equipped with a HP3396 series 

integrator.  The enantiomeric ratios were determined by chiral GC analysis after 

the reduction into the corresponding alcohol in a Hewlett-Packard HP 6890 gas 

chromatograph (split/splitless injector, J&W Scientific, CP Chirasil-Dex chiral, 25 m 

column, internal diameter: 0.25 mm, film thickness: 0.25 µm, carrier gas: 50 kPa 

He, FID detector). 

 

ICP-OES analyses were carried out using a Spectro Arcos FHS-16 spectrometer at 

the Servei Cientificotècnics at the Universitat Rovira I Virgili in Tarragona. 

 

XPS analyses were conducted on a PHI 5500 Multitechnique System (from Physical 

Electronics) with a monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV 

energy and 350 W), placed perpendicular to the analyzer axis and calibrated using 

the 3d5/2 line of Ag with a full width at half maximum (FWHM) of 0.8 eV. The 
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analyzed area was a circle of 0.8 mm diameter, and the selected resolution for the 

spectra was 187.5eV of Pass Energy and 0.8 eV/step for the general spectra and 

23.5 eV of Pass Energy and 0.1 eV/step for the spectra of the different elements in 

the depth profile spectra. A low energy electron gun (less than 10 eV) was used in 

order to discharge the surface when necessary. All Measurements were made in 

an ultra-high vacuum (UHV) chamber pressure between 5x10-9 and 2x10-8 torr. 

3.5.2. Synthetic procedures 

6-Bromo-6-deoxy-1,2:3,5-di-O-isopropylidene--D-glucofuranoside (3.35)22  

1,2:5,6-Di-O-isopropylidene-α-D-glucofuranose 3.36 (5g, 19.2 mmol), 

Ph3P (8.32g, 31.7 mmol), and N-bromosuccinimide (5.23g, 29.4 

mmol) were dissolved in toluene (50 mL). The solution was heated at 

90°C and left stirring for 2 h. Then the solution was cooled, washed 

with NaHCO3 sat. (20 mL), and the aqueous layer was extracted with toluene (3 x 

10 mL). The combined organic layers were dried with MgSO4, filtrated and 

concentrated. The resulting residue was purified by flash chromatography 

(EtOAc/Hexane, 1:16) and afforded 3.35 (4.66 g, 75 %) as a colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.32 (s, 3H), 1.36 (s, 3H), 1.37 (s, 3H), 1.48 (s, 3H), 3.43 

(dd, JH,H = 11.2, 7.6 Hz, 1H), 3.60 (dd, JH,H = 11.0, 3.4 Hz, 1H), 3.73 (td, JH,H = 7.2, 

3.2Hz, 1H), 4.22 (d, JH,H = 4.4 Hz, 1H), 4.31 (dd, JH,H = 7.2, 4.0Hz, 1H), 4.58 (d, JH,H = 

3.6 Hz, 1H), 5.98 (d, JH,H = 3.6 Hz, 1H); 13C NMR (100.6 MHz, CDCl3) : 23.9 (1C), 

24.0 (1C), 26.6 (1C), 27.3 (1C), 33.1 (1C), 72.0 (1C), 75.2 (1C), 81.7 (1C), 84.0 (1C), 

101.5 (1C), 106.5 (1C), 112.5 (1C). These peaks are in agreement with those 

reported in the literature.  
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6-hydroxy-1,2:3,5-di-O-isopropylidene--D-glucofuranoside (3.31)22  

NaNO2 (1.992g, 28.9 mmol) was added to a solution of compound 

3.35 (4.66g, 14.4 mmol) in DMF (30 mL), and the mixture was 

stirred at 70°C for 4h. The reaction was monitored by TLC 

(EtOAc/Hexane, 1:1). The reaction was stopped and the residue was 

evaporated to dryness. Purification by flash chromatography (EtOAc/Hexane, 1:2) 

afforded 3.31 (1.21g, 30%) as colorless oil.  

1H NMR (400 MHz, CDCl3) : 1.29 (s, 3H), 1.33 (s, 6H), 1.45 (s, 3H), 3.63 (m, 2H’), 

3.79 (dd, JH,H = 11.6, 2.8Hz, 1H), 4.15 (d, JH,H = 3.6 Hz, 1H), 4.33 (dd, JH,H = 6.8, 3.6 

Hz, 1H), 4.54 (d, JH,H = 4.0 Hz, 1H), 5.95 (d, JH,H = 4.0 Hz, 1H);  13C NMR (100.6 MHz, 

CDCl3) : 24.1 (1C), 24.2 (1C), 26.6 (1C), 27.2 (1C), 63.4 (1C), 72.6 (1C), 75.1 (1C), 

79.1 (1C), 84.0 (1C), 101.0 (1C), 106.5 (1C), 112.3 (1C). These peaks are in 

agreement with those reported in the literature.  

 

1,2:3,5-di-O-isopropylidene-6-O-methylpyrene--D-glucofuranoside (3.32) 

Compound 3.31 (540 mg, 2.1 mmol) was disolved in dry THF 

(4 mL) and added to a solution of previously washed NaH 

(171.6 mg, 4.3 mmol) in THF (4 mL) at 0°C. The solution was 

stirred at this temperature for 1h, 15-crown-5 ether (125 μL, 

0.6 mmol) was then added, and the solution was left stirring for 15 min. Finally, 1-

(bromomethyl)pyrene 3.29 (741.3 mg, 2.5 mmol) was added and the reaction 

mixture was left stirring for 16h at room temperature. The solvent was evaporated 

under reduced pressure, and the residue dissolved in CH2Cl2 (15 mL).The resulting 

solution was washed with NH4Cl sat. (10 ml), and the aqueous layer was extracted 

with CH2Cl2 (3 x 4 mL). The combined organic phases were dried (MgSO4), filtrated, 

and evaporated to dryness. Purification by flash chromatography (EtOAc/Hexane, 

1:8) afforded 3.32 (984 mg, 73 %) as a white solid. 
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1H NMR (400 MHz, CDCl3) : 1.30 (s, 3H), 1.38 (s, 3H), 1.39 (s, 3H), 1.41 (s, 3H), 3.80 

(m, 3H),  4.20 (d, JH,H = 3.6 Hz, 1H), 4.36 (dd, JH,H = 6.6, 3.6 Hz, 1H), 4.56 (d, JH,H = 4 

Hz, 1H), 5.31 (m, 2H), 5.97 (d, JH,H = 3.6 Hz, 1H), 7.99-8.43 (m, 9H, Ar); 13C NMR 

(100.6 MHz, CDCl3) : 24.1 (1C), 24.3 (1C), 26.7 (1C), 27.2 (1C), 70.7 (1C), 71.7 (1C), 

72.3 (1C), 75.1 (1C), 79.7 (1C), 84.1 (1C), 101.1 (1C), 106.5 (1C), 112.3 (1C), 123.7-

131.5 (16C, Ar). ESI-HRMS: Calculated for C29H30O6. Exact: (M: 474.204, M+NH4: 

492.238); Experimental (M+NH4: 492.237).  

 

4-(pyrene-1-yl)butyl triflate (3.30c)28 

1-pyrenebutanol 3.36 (400 mg, 1.46 mmol) and 

triethylamine (0.3 mL, 2.18 mmol) were dissolved in CH2Cl2 

(6 mL) at 0°C. To this solution, trifluoromethanesulphonic anhydride (0.36 mL, 2.18 

mmol) was added dropwise. The resulting mixture was stirred for 30 min at 0°C, 

quenched with NaHCO3 sat. (5 mL), and extracted with Et2O (3 x 6 mL). The organic 

phases were combined, washed with brine, dried over MgSO4, filtrated and 

concentrated under vacuum. The resulting residue was filtrated through a plug of 

silica eluting with CH2Cl2, and dried under vacuum to afford 3.30c (413 mg, 70 %) 

as light brown oil.  

1H NMR (400 MHz, CDCl3) : 1.99 (m, 4H), 3.41 (t, JH,H = 7.2 Hz, 2H), 4.57 (t, JH,H = 

5.9 Hz, 2H), 7.85-8.23 (m, 9H, Ar). 13C NMR (100.6 MHz, CDCl3) : 27.2 (1C), 29.2 

(1C), 32.7 (1C), 53.6 (1C), 123.1-135.3 (17C, Ar, -CF3). These peaks are in 

agreement with those reported in the literature.  

 

1,2:3,5-di-O-isopropylidene-6-O-butylpyrene--D-glucofuranoside (3.33) 

Compound 3.31 (192 mg, 0.74 mmol) was dissolved in 

dry THF (2 mL) and added to a solution of previously 

washed NaH (60.0 mg, 1.47 mmol) in THF (1 mL) at 
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0°C. The solution was stirred at this temperature for 1h, 15-crown-5 ether (75 μL, 

0.4 mmol) was then added, and the solution was left stirring for 15 min. Finally, 

freshly synthesized 3.30c (451.1 mg, 1.11 mmol) was added and the reaction 

mixture was left stirring for 48 h at room temperature. The solvent was 

evaporated under reduced pressure, and the residue dissolved in CH2Cl2 (10 mL). 

The resulting solution was washed with NH4Cl sat. (5 mL), and the aqueous layer 

was extracted with CH2Cl2 (3 x 5 mL). The combined organic phases were dried 

(MgSO4), filtrated, and evaporated to dryness. Purification by flash 

chromatography (EtOAc/Hexane, 1:8) afforded 3.33 (210 mg, 55 %) as white solid.  

1H NMR (400 MHz, CDCl3) : 1.32 (s, 3H), 1.35 (s, 3H), 1.37 (s, 3H), 1.45 (s, 3H), 1.80 

(m, 2H), 1.93 (m, 2H), 3.37 (t, JH,H = 8 Hz, 2H), 3.57 (t, JH,H = 8Hz, 2H),  3.60 (dd, JH,H = 

10.8 Hz,  2.8 Hz, 1H), 3.63 (dd, JH,H = 10.8 Hz,  2.8 Hz, 1H), 3.73 (td, JH,H = 6, 2.8 Hz, 

1H), 4.21 (d, JH,H = 3.6 Hz, 1H), 4.34 (dd, JH,H = 7.2, 4 Hz, 1H), 4.58 (d, JH,H = 3.6 Hz, 

1H, 1H), 6.0 (d, JH,H = 3.6 Hz, 1H),  7.86-8.29 (m, 9H, Ar); 13C NMR (100.6 MHz, 

CDCl3) : 23.9 (1C), 24.1 (1C), 26.5 (1C), 27.1 (1C), 28.3 (1C), 29.5 (1C), 33.2 (1C), 

71.2 (1C), 71.5 (1C), 74.9 (1C), 79.5 (1C), 84.0(1C), 100.9 (1C), 106.4 (1C), 112.1 

(1C), 122.3-133.2 (16C, Ar). ESI-HRMS: Calculated for C32H36O6 Exact: (M: 516.2512, 

M+Na: 539.2410); Experimental (M+Na: 539.2410). 

 

1,2-O-isopropylidene-6-O-methylpyrene--D-glucofuranoside (3.37) 

Compound 3.32 (400 mg, 0.84 mmol) was added to a 

AcOH/H2O (65%, 10 mL) solution, and the suspension was 

left stirring at 40°C overnight. After cooling to room 

temperature, the solution was co-evaporated with EtOH, 

and toluene to afford 3.37 (356 mg, 98 % yield) as a white powder.  

1H NMR (400 MHz, CDCl3) : 1.28 (s, 3H), 1.43 (s, 3H), 3.76 (dd, JH,H = 10, 6 Hz, 1H),  

3.88 (dd, JH,H = 9.8,  3.2 Hz, 1H), 4.10 (dd, JH,H = 6.4, 2.8 Hz, 1H), 4.23 (m, 1H), 4.31 

(d, JH,H = 2.4 Hz), 4.46 (d, JH,H = 3.6 Hz, 1H), 5.25 (s, 2H), 5.94 (d, JH,H = 3.6 Hz, 1H),  
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7.96-8.31 (m, 9H, Ar); 13C NMR (100.6 MHz, CDCl3) : 26.2 (1C), 26.9 (1C), 69.6 (1C), 

71.5 (1C), 72.4 (1C), 75.8 (1C), 79.9 (1C), 85.1(1C), 106.0 (1C), 112.2 (1C), 122.3-

133.2 (16C, Ar). ESI-HRMS: Calculated for C26H26O6. Exact: (M: 434.1729, M+Na: 

457.1627); Experimental (M+Na: 457.1622).  

 

1,2-O-isopropylidene-6-O-butylpyrene--D-glucofuranoside (3.38) 

Compound 3.33 (210 mg, 0.41 mmol) was added to a 

AcOH/H2O (65%, 10 mL) solution, and the suspension 

was left stirring at 40°C overnight. After cooling to 

room temperature, the solution was co-evaporated 

with EtOH, and toluene to afford 3.38 (192 mg, 99 % yield) as a white powder.  

1H NMR (400 MHz, CDCl3) : 1.30 (s, 3H), 1.44 (s, 3H), 1.88 (m, 2H), 1.92 (m, 2H), 

3.37 (t, JH,H = 7.6 Hz, 2H), 3.57 (m, 3H),3.71 (dd, JH,H = 10, 3.2 Hz, 1H), 4.07 (dd, JH,H = 

6, 2.8 Hz, 1H), 4.23 (m, 1H), 4.31 (d, JH,H = 2.8 Hz, 1H), 4.46 (d, JH,H = 3.6 Hz, 1H), 

5.96 (d, JH,H =3.6 Hz, 1H),  7.85-8.28 (m, 9H, Ar); 13C NMR (100.6 MHz, CDCl3) : 

26.3 (1C), 26.9 (1C), 28.4 (1C), 29.7 (1C), 33.4 (1C), 69.7 (1C), 71.6 (1C), 71.7 (1C), 

71.7 (1C), 76.1 (1C), 79.9 (1C), 85.2(1C), 104.9 (1C), 111.8 (1C), 122.3-133.2 (16C, 

Ar). ESI-HRMS: Calculated for C29H32O6. Exact: (M: 476.2199, M+Na: 499.2097); 

Experimental (M+Na: 499.2104).  

 

3,5-Bis-O-[3,3’-5,5’-tetra-tert-butyl-1,1’-biphenyl-2,2’-diyl]-6-O-methylpyrene-

1,2-O-isopropyliden--D-glucofuranoside (3.27) 

Compound 3.37 (200 mg, 0.46 mmol) 

was azeotropically dried with toluene 

(3 x 2 mL), and dissolved in dry CH2Cl2 

(3 mL), and NEt3 (200 µL). Freshly 

synthesised phosphochloridite in dry CH2Cl2 (3 mL), and NEt3 (200 µL) was slowly 

added to the 3.37 solution at 0°C via syringe. The reaction was left to reach room 
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temperature, and left stirring for 16h. Then, the solvent was evaporated, and the 

resulting residue was purified by flash chromatography (Toluene, 1% NEt3) to 

afford compound 3.27 (324 mg, 55 %) as a white solid. 

1H NMR (400 MHz, C6D6) : 0.93 (s, 3H), 1.18 (s, 9H), 1.24 (s, 18H),  1.29 (s, 9H), 

1.32 (s, 3H), 1.56 (s, 9H), 1.59 (s, 9H), 1.63 (s, 9H), 1.70 (s, 9H), 4.19 (d, JH,H = 3.2 Hz, 

2H),  4.49 (d, JH,H = 3.6 Hz, 1H), 4.98 (dd, JH,H = 2.4 Hz, 8.6 Hz), 5.03 (s, 2H), 5.24 (m, 

1H), 5.32 (d, JH,H = 5.2 Hz, 1H), 5.59 (d, JH,H = 3.6 Hz, 1H),  7.34-8.35 (m, 17H, Ar); 13C 

NMR (100.6 MHz, C6D6) : 26.1 (1C), 26.6 (1C), 29.6 (1C), 29.6-35.5 (32C), 70.6 (1C), 

71.7 (1C), 72.4 (d, JP,C = 11.5 Hz, 1C), 76.6 (1C), 79.0 (1C), 84.4(1C), 105.2 (1C), 

111.7 (1C), 124.0-146.9 (40C, Ar); 31P NMR (161.97 MHz, C6D6) : 144.3 (d, JP,P = 

32.8 Hz, 1P), 146.9 (d, JP,P = 32.8 Hz, 1P). ESI-HRMS: Calculated for C82H104O10P2. 

Exact: (M: 1310.71047, M+Na: 1311.7183); Experimental (M+H: 1311.7180).  

 

3,5-Bis-O-[3,3’-5,5’-tetra-tert-butyl-1,1’-biphenyl-2,2’-diyl]-6-O-butylpyrene-1,2-

O-isopropyliden--D-glucofuranoside (3.28) 

Compound 3.38 (333 mg, 0.7 

mmol) was azeotropically dried 

with toluene (3 x 2 mL), and 

dissolved in dry CH2Cl2 (5 mL), and 

NEt3 (200 µL). Freshly synthesized phosphochloridite in dry CH2Cl2 (5 mL), and NEt3 

(680 µL) was slowly added to the 3.38 solution at 0°C via syringe. The reaction was 

left to reach room temperature, and left stirring for 20 h. Then, the solvent was 

evaporated, and the resulting residue was purified by flash chromatography 

(Toluene, 1% NEt3) to afford compound 3.28 (600 mg, 63 %) as a white solid. 

1H NMR (400 MHz, C6D5CD3) : 0.91 (s, 3H), 1.20 (s, 9H), 1.24 (s, 9H), 1.26 (s, 9H), 

1.28 (s, 9H), 1.31 (s, 3H), 1.51 (s, 9H), 1.59 (s, 12H), 1.65 (s, 20H), 1.88 (m, 2H), 3.17 

(t, JH,H = 8 Hz, 2H), 3.31 (m, 3H), 3.93 (m, 3H), 4.37 (d, JH,H = 3.6 Hz, 1H), 4.77 (dd, 

JH,H = 8.8, 2.4 Hz, 1H), 5.02 (bs, 1H) 5.20 (m, 2H), 5.57 (d, JH,H = 3.6 Hz, 1H), 7.29-
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8.18 (m, 17H, Ar); 13C NMR (100.6 MHz, C6D5CD3) : 26.9 (1C), 27.4 (1C), 29.3 (1C), 

30.5 (1C), 30.8 (1C), 32.0-32.4 (24C), 34.1 (1C), 35.1-36.4 (8C), 71.8 (1C), 72.1 (1C), 

73.4 (d, JP,C = 9.4 Hz, 1C), 77.8 (1C), 79.8 (1C), 85.3 (1C), 106.1 (1C), 112.4 (1C), 

124.5-147.7 (40C, Ar); 31P NMR (161.97 MHz, C6D5CD3) : 144.1 (d, JP,P = 35.1 Hz, 

1P), 146.4 (d, JP,P = 35.3 Hz, 1P). ESI-HRMS: Calculated for C85H110O10P2. Exact: (M: 

1352,7574, M+Na: 1375,7472); Experimental (M+Na: 1375.7457).  

 

[Rh(acac)(3.27)] (3.39) 

Compound 3.27 (96.4 mg, 0.07 mmol) 

in CH2Cl2 (3 mL) was added to a 

[Rh(acac)(CO)2] (15.8 mg, 0.06 mmol) 

solution in CH2Cl2 (2 mL), and the 

reaction was left stirring for 16h. 

Then, the solvent was evaporated and the resulting residue purified by flash 

chromatography (Toluene, 1% NE3) to afford compound 3.39 (30 mg, 33%) as 

yellow solid. 

1H NMR (400 MHz, CD2Cl2) : 1.04 (s, 9H), 1.06 (s, 3H), 1.25 (s, 3H), 1.29 (s, 3H),  

1.40 (s, 9H), 1.41 (s, 9H), 1.43 (s, 9H), 1.59 (s, 9H), 1.72 (s, 9H), 1.73 (s, 9H), 1.79 (s, 

9H), 3.32 (d, JH,H = 3.6 Hz, 1H),  3.64 (m, 2H), 4.25 (d, JH,H = 12 Hz, 1H), 4.47 (m, 1H), 

4.63 (m, 1H), 4.66 (d, JH,H = 12 Hz, 1H), 4.83 (m, 1H), 5.23 (s, 1H), 5.37 (d, JH,H = 2.4 

Hz, 1H), 7.18-8.20 (m, 17H, Ar); 13C NMR (100.6 MHz, CD2Cl2) : 26.6 (1C), 27.4 

(1C),  34.6-36.3 (32C), 70.29 (1C), 71.9 (1C), 74.3 (1C), 76.9 (1C), 77.8 (1C), 77.8 

(1C), 99.7 (1C), 106.4 (1C), 112.7 (1C), 123.3-147.2 (40C, Ar), 185.2 (1C), 185.3 (1C); 

31P NMR (161.97 MHz, CD2Cl2) : 142.9 (m, 1P), 144.8 (m, 1P). ESI-HRMS: 

Calculated for C87H111O12P2Rh. Exact: (M: 1512.6606, M+Na: 1535.6504); 

Experimental (M+Na: 1535.6486).  
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[Rh(COD)(3.27)]BF4 (3.40) 

Compound 3.27 (130 mg, 0.1 mmol) 

in CH2Cl2 (2 mL) was added to a 

[Rh(COD)2]BF4 (40.6 mg, 0.1 mmol) 

solution in CH2Cl2 (2 mL), and the 

reaction was left stirring for 1h. 

Then, the complex was precipitated with pentane, and washed with pentane 

several times to afford 3.40 (157 mg, 98%) as an orange solid.  

1H NMR (400 MHz, CD2Cl2) : 0.93 (s, 3H), 1.03 (s, 3H), 1.31 (s, 9H),  1.32 (s, 9H), 

1.33 (s, 9H), 1.38 (s, 9H), 1.47 (s, 9H), 1.53 (s, 18H), 1.69 (s, 9H), 2.01 (m, 2H), 2.2 

(m, 6H), 3.07 (dd, JH,H = 10.8, 2.8 Hz, 1H), 3.23 (d, JH,H = 3.6 Hz, 1H), 3.39 (dd, JH,H = 

11, 2.8 Hz, 1H), 4.46 (m, 2H), 4.65 (m, 2H), 4.89 (m, 2H), 5.01 (dd, JH,H = 9, 3.2 Hz, 

1H), 5.57 (d, JH,H = 3.6 Hz, 1H), 5.90 (m, 2H), 7.16-8.20 (m, 17H, Ar); 13C NMR (100.6 

MHz, CD2Cl2) : 25.9 (1C), 26.3 (1C), 29.7 (2C), 31.0 (2C), 31.1-35.7 (32C), 70.2 (1C), 

71.6 (1C), 76.2 (1C), 77.1 (d, JP,C = 11.1 Hz, 1C), 81.1 (d, JP,C = 11.5 Hz, 1C), 83.5 (1C), 

102.1 (1C), 102.9 (1C), 104.9 (1C), 111.9 (1C), 112.6 (1C), 113.2 (1C), 123.0-149.4 

(40C, Ar); 31P NMR (161.97 MHz, CD2Cl2) : 122.4 (m, 1P), 124.1 (m, 1P). ESI-HRMS: 

Calculated for C90H116O10P2Rh. Exact: (M+: 1521.7099); Experimental (M+: 

1521.7231).  

 

[Rh(COD)(3.26)]BF4 (3.41) 

 

Compound 3.28 (135 mg, 0.1 

mmol) in CH2Cl2 (2 mL) was 

added to a [Rh(COD)2]BF4 (40.6 

mg, 0.1 mmol) solution in CH2Cl2 
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(2 mL), and the reaction was left stirring for 1h. Then, the complex was 

precipitated with pentane, and washed with pentane several times to afford 3.41 

(160 mg, 97%) as an orange solid.  

1H NMR (400 MHz, CD2Cl2) : 0.98 (s, 3H), 1.10 (s, 3H), 1.30 (s, 9H),  1.39 (s, 9H), 

1.40 (s, 9H), 1.42 (s, 9H), 1.43 (s, 9H), 1.55 (s, 9H), 1.73 (bs, 9H), 1.76 (s, 9H), 1.81 

(m, 4H), 2.02 (m, 2H), 2.28 (m, 6H), 2.75 (m, 1H), 2.93(m, 2H), 3.31 (m, 4H), 4.61 

(m, 2H), 4.89 (m, 1H), 4.99 (m, 1H) , 5.05 (m, 1H), 5.67 (d, JH,H = 3.6 Hz, 1H), 5.98 

(m, 2H), 7.16-8.20 (m, 17H, Ar); 13C NMR (100.6 MHz, CD2Cl2) : 26.4 (1C), 26.8 

(1C), 28.9-36.3 (40C), 70.7 (1C), 76.2 (1C), 77.6 (1C), 81.8 (1C), 84.1 (d, JP,C = 3.4 Hz, 

1C), 102.7 (1C), 103.5 (1C), 105.6 (1C), 112.8 (1C), 113.1 (1C), 114.7 (1C), 123.6-

149.9 (40C, Ar);31P NMR (161.97 MHz, CD2Cl2) : 123.8 (m, 1P), 125.4 (m, 1P). ESI-

HRMS: Calculated for C93H122O10P2Rh. Exact: (M+: 1563.7568); Experimental (M+: 

1563.7561).  

3.5.3. AHF Experiments in batch 

General procedure: In a typical experiment, the autoclave was filled in the 

glovebox with a solution of rhodium catalyst, the corresponding quantities of 

diphosphite and norbornene 3.2 in toluene. Then, the autoclave was purged 3 

times with CO, and finally pressurised to the appropriate pressure of CO/H2, 

heated at the desired pressure and left stirring. After the desired time the 

autoclave was cooled using in ice bath for 20 min and depressurised. Conversion 

and stereoselectivity were determined immediately after catalysis by 1H NMR 

spectroscopy and GC-MS analysis of the crude of the reaction without evaporation 

of the solvent.  

 

AHF in batch using homogeneous catalysts: General procedure was followed 

using rhodium catalyst (0.012 mmol), the corresponding quantities of diphosphite 

(0.013 mmol) if necessary, and norbornene 3.2 (19.2 mmol) in toluene (5 mL). 
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AHF in batch using heterogenized catalyst: General procedure was followed using 

rhodium catalyst (0.36 µmol) and norbornene 3.2 (0.36 mmol) in toluene (1 mL). 

3.5.4. Immobilization of Rh complexes onto carbon materials 

The experimental procedure describes the immobilization of rhodium complexes 

onto MWCNTs. The same procedure was applied for the other carbon materials. 

In a Schlenck flask, 150 mg of MWCNTs were 

added to a solution of EtOAc (15 mL). The mixture 

was sonicated in an ultrasound bath for 30 min in 

order to disperse the MWCNTs. After that, 

complex 3.40 (50 mg) was added to the previous 

suspension, and the reaction was left stirring at 

room temperature for 16h. Then, the solid was filtrated, and washed with EtOAc (3 

x 5 mL), and dried under vacuum to yield the heterogenized catalyst (80 mg, Rh 

content by ICP = 0.45 wt %). 

 

Entry Catalyst Support (mg) Complex (mg) Rh (wt %)a 

1 3.40@MWCNTs 150 50 0.45 

2 3.41@MWCNTs 730 240 0.41 

3 3.41@N-MWCNTs 45 15 1.13 

4 3.41@S-MWCNTs 45 15 2.21 

5 3.41@rGO 150 50 0.48 

6 3.41@CBs 150 50 0.56 

a Determined by ICP analysis of the solid. 
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3.5.5. In situ HP NMR spectroscopy 

In a typical HP-NMR experiment, a sapphire tube (Ø = 5 mm) was filled in the 

glovebox with a solution of [Rh(acac)(CO)2] (2.1-2 mM) and ligand (molar ratio 

PP/Rh = 1.1) in toluene-d8 (0.5 mL). The solution was analysed by 1H and 31P NMR 

spectroscopy. Next the HP-NMR tube was purged 3 times with CO and pressurised 

to the appropriate pressure of H2/CO. After 24h at 45°C, the solution was analysed 

by multinuclear NMR spectroscopy. 

3.5.6. Determination of the enantiomeric excess 

0.1 mL from the crude of the reaction was dissolved in MeOH (1 mL) in a vial with a 

magnetic stirrer, and then cooled to 0°C with an ice bath. To the previous solution, 

NaBH4 (1 eq.) was added and left stirring for 12 h. The reaction was quenched with 

H2O (1 mL), extracted with Et2O (3 x 1 mL), dried with MgSO4 and filtrated. The 

enantiomeric excess of the resulting alcohol was measured by GC. 

Gas chromatography method: CP Chirasil-Dex CB, 25 m column, internal diameter: 

0.25 mm, film thickness: 0.25 µm, carrier gas 50 kPa He, temperature: 100°C for 5 

min, rate 6°C/min to 130°C and hold for 2 min, rate 2°C/min to 150°C and hold for 

5 min, tr major = 17.1 min, tr minor = 16.8 min. 

3.5.7. Set-up for the continuous asymmetric hydroformylation of 

norbornene using the U-Shape reactor 

Preparation of the substrate stock solution 

In a 500 mL flask under inert atmosphere, a concentration of 0.75 M of 

norbornene was built up by exactly weighing the added amount of substrate, and 

then adding the corresponding amount of EtOAc. After complete dissolution of 

norbornene, the flask was connected to the HPLC pump and a balloon filled with 

argon was connected to the flask. 
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Packing of the supported catalyst in the U-Shape reactor 

Under inert atmosphere, the desired amount of catalyst was weighted in a GC vial 

and diluted with silica to a total volume of 0.8 mL. Glass wool was added on the 

left side of the U-Shape reactor tube, then the mixture of heterogenized catalyst 

with silica, and finally packed with glass wool on the top. On the right side, glass 

wool was added, then glass beads until a total height of 30 cm, and finally packed 

with glass wool. Then, the U-Shape reactor tube was connected to the flow system 

under inert atmosphere to run the AHF experiments. 

Setting reaction parameters, sample collection and sample analysis 

First, nitrogen was added by means of MFC into the system for 30 min. Secondly, 

the U-Shape reactor was connected to the system. After that, the pressure of the 

system was increased with a pressure valve regulator until the desired total 

pressure. Then, the nitrogen flow was stopped and the syngas mixture was 

introduced to the system by means of MFC. When the pressure was stable for 30 

min, the substrate solution was pumped into the system via HPLC pump. The 

solution was collected at the end of the system in a cold trap, which was cooled 

using isopropanol and dry ice. The samples were collected every 10 min, 0.1 mL of 

each sample was diluted in 1 mL and analyzed by GC-MS to determine the 

conversion, and exo-selectivity. Another sample of 0.1 mL was reduced into the 

alcohol in order to determine the enantiomeric excess via chiral GC analysis. 
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Chapter 4                                 

Rhodium catalyzed asymmetric HAM 
of α-alkyl acrylates 
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 Introduction 4.1.

4.1.1. Rh-catalyzed asymmetric hydroaminomethylation 

The rhodium catalyzed hydroaminomethylation of alkenes revealed a promising 

strategy for the production of amines.1 Moreover, the possibility to obtain chiral 

amines via asymmetric hydroaminomethylation constitutes an interesting 

strategy. Nonetheless, to the best of our knowledge, there are no reports on the 

asymmetric version of this reaction using a single catalyst.  

Kalck and co-workers performed a thorough study on the asymmetric 

hydroaminomethylation of styrene 4.1a with piperidine 4.2 using a broad scope of 

chiral diphosphine ligands, which are very efficient in asymmetric 

hydroformylation and asymmetric hydrogenation (Scheme 4.1).2 Moreover, the 

study was completed by HP-NMR investigations and DFT calculations.  

 

Scheme 4.1: Rh-catalyzed hydroaminomethylation of 4.1 with 4.2 using ligands 4.4, 4.5, 4.6 and 4.7. 

These are only some examples of ligands applied by Kalck et al. 

In this case, it was observed that the hydroformylation and condensation proceed 

rapidly; however, the hydrogenation step is more complicated since the branched 

enamine is conjugated to the aryl ring. Therefore, the hydrogenation of the 

enamine is the rate determining step. The enantioselectivity is induced in the 
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hydrogenation step, since the chiral information obtained in the hydroformylation 

step is lost after the condensation of the amine with the chiral aldehyde.  

High to full conversion were afforded, good chemo- and regioselectivity towards 

the branched intermediates was also obtained, but only diphospholane ligand 4.6 

provided the amine with high selectivity (Scheme 4.1). Despite the successful 

results obtained and the study of various reaction conditions, in all the cases no 

enantiomeric excess was afforded.  

As observed by NMR spectroscopy, upon condensation of the amine, two 

enamines can be generated, (E)- and (Z)-enamine. The asymmetric hydrogenation 

of these enamines will lead to the (S)- or (R)-product respectively. At this point of 

the study, DFT calculations demonstrated that the hydrogenation of both 

enamines is equivalent in energy (Scheme 4.2). Thus, no enantiomeric excess can 

be obtained with this system. 

 

Scheme 4.2: Energy values for the hydrogenation of E-enamine 4.8 and Z-enamine 4.10. 

In view of this issue, several groups attempted to overcome this issue using 

alternative approaches to conventional HAM. 

List and co-workers reported the catalytic asymmetric amination of aldehydes via 

dynamic kinetic resolution.3 Such strategy takes profit of the imine-enamine 

equilibrium (4.12-4.13-4.14), in which racemization produces both enantiomers 

(4.12 and 4.14), by the use of a chiral phosphoric acid 4.15a that promotes the 
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formation of an iminium 4.16 of only one enantiomer, which is later reduced with 

a Hantzsch ester (HEH) 4.17a to afford the chiral amine 4.18 (Scheme 4.3).  

 

Scheme 4.3: Dynamic kinetic reductive amination of aldehydes developed by List et al. 

Xiao and co-workers adapted this methodology to the rhodium catalyzed HAM in a 

metal and organo-catalyzed asymmetric hydroaminomethylation (Scheme 4.4).4 

Instead of aldehydes as starting materials, the system works as a conventional 

HAM of styrene derivatives 4.1b-f to produce the corresponding branched 

aldehyde via rhodium catalyzed hydroformylation, subsequently, the condensation 

takes place to produce the corresponding imine, which is reduced via the same 

strategy depicted in Scheme 4.3 to produce the final amine 4.21 in moderate to 

good yield, and moderate to excellent enantioselectivities (Scheme 4.4). The 

system required stoichiometric amounts of Et-HEH 4.17a, the use of a chiral 

phosphoric acid 4.15b in catalytic amounts, long reaction times (up to 72h), and 

the system is limited to aniline derivatives. 
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Scheme 4.4: Rh- and organocatalyzed asymmetric hydroaminomethylation of 4.1 with 4.22. 

Recently, Han et al. improved the system by using (R,R)-Ph-BPE ligand 4.5 in the 

hydroformylation, phosphoric acid 4.15b and tBu-HEH 4.17b.5 These changes 

allowed reducing the total pressure to 1 bar, use lower temperatures, and provide 

amines 4.23 in higher yields and enantioselectivities compared with the system 

used by Xiao and co-workers (Scheme 4.5). Moreover, the scope of alkenes was 

expanded to other aromatic groups such as thiophene, and other olefins such as 

acrylamides and acrylates. However, the reaction still requires long reaction times 

(up to 72h), additional reagents, and the system is still limited to aniline 

derivatives.  

 

Scheme 4.5: Improved system in the metal and organocatalyzed asymmetric HAM of 4.1 with 4.22 

reported by Han and co-workers. 
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In contrast to the previous strategy, Zhang et. al. recently reported the so called 

interrupted hydroaminomethylation of trans-1,2-disubstituted olefins (Scheme 

4.6).6 In order to avoid the problems produced in the equilibrium between imines 

and enamines, Zhang and co-workers interrupted the formation of these species 

by the use of external oxidants or reducing agents. 

The system used (S,R)-YanPhos 4.25 as ligand in the asymmetric hydroformylation 

of 3-substituted allylamines 4.26, then intramolecular condensation provided a 

stable hemiacetal 4.27  that was either oxidized  to the chiral pyrrolidinones 4.28 

using pyridinium chlorochromate (PCC) or reduced to the chiral pyrrolidines 4.29 

using triethylsilane and boron trifluoride diethyl etharate. 

 

Scheme 4.6: Rh-catalyzed asymmetric interrupted hydroaminomethylation of 4.26 using 4.25 as 

ligand for the obtention of 4.28 or 4.29. 

Both 4.28 and 4.29 were afforded in excellent yields (up to 99%) and excellent 

enantioselectivities (up to 95%). Interestingly, the enantioselectivity is determined 

in the hydroformylation step in contrast to the classical approach where the 

enantioselectivity is induced in the hydrogenation step. 
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Moreover, the system is tolerant to different heteroaryl groups, substituent with 

different electronic properties on the aromatic ring, and the possibility to expand 

the new ring from 5 to 6 members. However, the system suffered from drawbacks 

such as long reaction times (up to 70h), the requirement of additional reagents in 

stoichiometric amount, some of them very toxic such as PCC, and the restriction to 

tosyl group in the amine moiety. Despite these disadvantages, the molecules 

afforded were envisioned as possible intermediates for the synthesis Vernakalant7 

and Enablex8. 

In conclusion, there are no examples of rhodium catalyzed asymmetric 

hydroaminomethylation of olefins using one single metal catalyst. Therefore, the 

development of a system capable to induce enantioselectivity using a single 

catalyst would be a more efficient system to the production of chiral nitrogen 

containing molecules. 

4.1.2. γ-amino butyric acids (GABA) 

Among amine containing molecules, amino acids are the most crucial molecules in 

human life, since they do not only have  relevant  biological activity, but also act as 

precursors for the synthesis of hormones and low-molecular weight nitrogenous 

substances with each having biological importance.9  

γ-amino acids act as major inhibitory transmitters in the mammalian central 

nervous system.10 Furthermore, GABA derivatives with substituents in the carbon 

chain have been applied in the treatment of diseases and disorders including 

anxiety, depression, epilepsy, autism spectrum disorder, stroke, drug and 

neurodegenerative disorders: Huntington’s disease, Parkinson’s disease and 

Alzheimer’s disease.11 Some examples of medicines containing γ-amino acid motif 

commercialized by pharmaceutical agents are Baclofen 4.30,12 Pregabalin 4.31,13 

Vigabatrin 4.32,14 and Phenibut 4.33.15 (Figure 4.1). 
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Figure 4.1: Biological active molecules containing γ-aminobutyric acids. 

The development of efficient synthetic routes towards chiral GABA has been of 

interest throughout the recent years.16 For instance, α-substituted-γ-aminobutyric 

acids have been synthesized via different strategies (Scheme 4.7). The product is 

obtained enantiomerically pure after a final enantioresolution step. 

Scheme 4.7: Two examples of synthetic strategies reported for the synthesis of α-substituted-γ-
aminobutyric acids. 

Apart from the interest for GABA, derivatives containing amides or esters groups 

can also display biological activity. For example, GABA motif containing amide 

groups 4.44 has recently been evaluated as CCR2 antagonists for chronic 

inflammatory processes, such as atherosclerosis, multiple sclerosis and 
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rheumatoid arthritis.17 However, the synthesis of these molecules also requires 

huge synthetic efforts (Scheme 4.8). 

Scheme 4.8: Synthesis of CCR2 antagonist 4.44. 

The possibility to access chiral GABA and derivatives through a more direct 

approach to reduce the number of synthetic steps would thus be interesting. In 

this context, the rhodium catalyzed asymmetric hydroaminomethylation would be 

an attractive and simple approach to access the α-substituted-γ-aminobutyric acid 

scaffold. On one hand, the number of synthetic steps would be reduced, and on 

the other hand, the production of enantio-enriched GABA motifs would not 

require the use of chiral auxiliaries to induce enantioselectivity, and would avoid 

an enantioresolution process to separate the enantiomers.  

As described in chapter 1, the rhodium catalyzed asymmetric hydroformylation 

can provide chiral aldehydes with high enantioselectivity. Thus, induction of the 

chirality in the HAM through the asymmetric hydroformylation of the appropriate 

substrate would provide chiral amines. The Rh-catalyzed asymmetric 

hydroformylation of α-alkyl acrylates 4.52 was reported by Buchwald and co-

workers using (R,R)-BenzP* 4.53 and (R,R)-QuinoxP* 4.54 with for the production 

of lineal aldehyde 4.55 in excellent yields and enantioselectivities (Scheme 4.9).18 If 

the rhodium catalyzed asymmetric hydroaminomethylation using one of these P-

chirogenic ligands is carried out on α-alkyl acrylates 4.52, the enantioselectivity 

would be induced in the hydroformylation step (Scheme 4.9). Then, the 
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condensation and equilibrium imine/enamine would not affect the chiral 

information. Finally, the catalytic system containing ligands (R,R)-BenzP* 4.53 or 

(R,R)-QuinoxP* 4.54 should smoothly hydrogenate the enamine or imine, since 

they proved to be efficient for the hydrogenation of a large number of unsaturated 

compounds.19 This strategy could provide access to chiral γ-aminobutyric esters 

4.56 in a simple and elegant approach (Scheme 4.9). 

 

Scheme 4.9: Top: Rh-catalyzed AHF acrylates 4.52 using ligands  4.53 or 4.54. Bottom: Strategy for 

the synthesis of γ-aminobutyric esters 4.56 via Rh-catalyzed asymmetric HAM using 4.53 or 4.54. 

 Objectives of this chapter 4.2.

The main objective of this chapter is the development of an asymmetric version of 

the rhodium catalyzed hydroaminomethylation of alkenes for the production of 

chiral amines. 

 

The specific objectives of this chapter are: 
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 The synthesis of γ-aminobutyric esters via rhodium catalyzed asymmetric 

hydroaminomethylation of α-alkyl acrylates 4.52 using P-chirogenic ligands 

(R,R)-BenzP* 4.53 and (R,R)-QuinoxP* 4.54. 

 The study of the effect of syngas pressure, rhodium precursors and solvent 

in the HAM reaction of α-alkyl acrylates 4.52 

 The study of the effect of different substituents on α-position of α-alkyl 

acrylates 4.52. 

 The study of the effect of secondary and primary amines on the reaction 

outcome. 

 The study of the reactivity towards CO, H2 and H2/CO pressures of the 

rhodium precursors in the presence of amines, and in the presence of the 

α-alkyl acrylates 4.52 using HP NMR spectroscopy. 

 Results and discussion 4.3.

4.3.1. Optimization of the reaction conditions 

To conduct the rhodium catalyzed asymmetric hydroaminomethylation of α-alkyl 

acrylates 4.52 with amines , a short optimization of the reaction conditions was 

carried out using methyl methacrylate 4.52a, morpholine 4.57a, and (R,R)-

QuinoxP*  4.54 as ligand (Table 4.1).  

First, the reaction conditions reported for the asymmetric hydroformylation of 

4.52a were tested using the [Rh(acac)(CO)2] precursor, toluene as solvent, 10 bar 

H2/CO (4:1), and 90°C in the presence of morpholine 4.57a (entry 1, Table 4.1).18 

Under these conditions, complete conversion of the methyl methacrylate 4.52a 

was observed, but the final amino ester 4.56a was not detected. Instead, the main 

reaction product was the linear enamine 4.58a. Moreover, 40 % of hydrogenated 

alkene 4.59a, 5 % of linear aldehyde 4.55a, and 9 % of branched aldehyde 4.60a 

were also detected. When the partial CO pressure was increased, a major amount 

of branched aldehyde 4.60a (52%) and less linear enamine 4.58a (28%) were 
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obtained; however the amino ester 4.56a was still not detected (entry 2, Table 

4.1). When the total pressure was increased to 20 bar (entry 3, Table 4.1), no 

hydrogenation of the linear enamine 4.58a was observed. However, the selectivity 

towards the alkene hydrogenation product 4.59a (up to 60%) increased. 

Table 4.1: Optimization of the reaction conditions for the asymmetric hydroaminomethylation of 

4.52a with 4.57a. 

 

Entry
a
 Conv. (%)

b 
L 4.59a

b 
4.55a

b
 4.60a

b
 4.58a

b 
4.56a [IY]

b 
ee (%)

c 

1 >99 4.53 40 5 9 45 - - 

2
d
 >99 4.53 18 2 52 28 - - 

3
e >99 4.53 60 12 8 20 - - 

4
f 

96 4.53 33 10 11 4 38 [30] 72 

5
g >99 4.53 31 - 6 - 63 [60] 73 

6
g 91 4.54 59 - 4 - 28 [20] 70 

a 
Reaction conditions: 4.52a (0.5 mmol), 4.57a (0.5 mmol), [Rh(acac)(CO)2] (1 mol%), L (1.2 mol %), 

P = 10 bar (H2/CO, 4:1), toluene (0.4 ml), T = 90°C, t = 16 h. 
b
 % Conversion and yield determined by 

1
H NMR spectroscopy using naphthalene as internal standard, values in brackets refer to isolated 

yields. 
c
 ee of 4.56a determined by HPLC. 

d 
P = 10 bar (H2/CO, 1:1). 

e
 P = 20 bar (H2/CO, 4:1). 

f
 

tol./DCE (1:1, 0.4 ml).
 g

 [Rh(COD)2]BF4 (1 mol%), tol./DCE (1:1, 0.4 ml). 

Interestingly, when a mixture of toluene/1,2-dichloroethane (DCE) was used as 

solvent, the amino ester 4.56a was the major product (38% by 1H NMR) isolated in 

30% yield and with ee of 72% (entry 4, Table 4.1). This result confirmed that the 
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chirality was induced in the hydroformylation step and was maintained through 

the reaction. It is expected that DCE facilitates the solubility of cationic species 

involved in the hydrogenation of the enamine 4.58a. At this point, the cationic 

precursor [Rh(COD)2]BF4 (entry 5, Table 4.1) was tested and provided the chiral 

amino ester 4.56a in 60% isolated yield (63% by 1H NMR)  and 73% of enantiomeric 

excess. Moreover, neither the enamine 4.58a nor the linear aldehyde 4.55a were 

detected. Finally, the ligand (R,R)-BenzP* 4.53 was tested under optimized 

conditions (entry 5, Table 4.1). Nevertheless, the amino ester 4.56a was isolated in 

20% yield (28% by 1H NMR) and 70% ee (entry 6, Table 4.1). Furthermore, higher 

amount of the alkene hydrogenation product 4.59a (59%) was afforded compared 

to the ligand (R,R)-QuinoxP* 4.54 (up to 31%) under these conditions (entry 5, 

Table 4.1). Therefore, it was concluded that the system containing the ligand (R,R)-

QuinoxP* 4.54, a cationic rhodium precursor and a mixture of toluene/DCE as 

solvents was convenient to perform the asymmetric hydroaminomethylation of 

methyl methacrylate 4.52a with morpholine 4.57a at 10 bar H2/CO (4:1) and 90°C. 

Moreover, it was observed that the solvent has an important role, since neutral 

precursor is only able to complete the reaction when used with toluene/DCE, 

while using toluene, the reaction stops at the enamine 4.58a. Similar effect of the 

solvent was already observed by Clarke and co-workers in the HAM of styrene 4.1a 

with morpholine 4.57a, in which reaction was not completed in toluene and using 

neutral [Rh(acac)(CO)2].
20 These results suggested that the presence of a polar 

medium is necessary to achieve hydrogenation of the enamine intermediate, 

which could be due to the low solubility of cationic Rh species that are active in 

this reduction step. 

With these conditions in hand (entry 5, Table 4.1), the scope of amines used in the 

HAM of methyl methacrylate 4.52a was extended (Table 4.2). The secondary 

amines in general provided similar yields (up to 50%), and similar 

enantioselectivities (up to 68%) than morpholine 4.57a. Moreover, the reaction 

was tolerant to different protecting groups such as benzyl or Boc of amino esters 
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4.56b and 4.56c, in which the protecting group is maintained and allow further 

functionalization of the molecule. In the case of the amino ester 4.56d, the 

enantiomeric excess could not be measured either by chiral HPLC of the ester or 

the corresponding alcohol, nor by 1H NMR spectroscopy using Eu(hcf)3. 

Nonetheless, similar ee to the other secondary amines would be expected.  

Table 4.2: Rh-catalyzed asymmetric hydrominomethylation of 4.56a with different amines. 

 

 
a 

Reaction conditions: 4.52a (0.5 mmol), amine (0.5 mmol), Rh (1 mol%), 4.54 (1.2 mol %), P = 10 

bar (H2/CO, 4:1), tol/DCE (1:1, 0.4 ml), T = 90°C, t = 16h. 
b
 Isolated yields obtained from two 

independent runs. 
c
 ee determined by HPLC. 

d 
 ee determined by HPLC after reduction into the 

alcohol. 

When the reaction was performed with aniline 4.22a, very low conversion of 

methyl methacrylate 4.52a was detected, and only the alkene hydrogenation 

product 4.59a and linear imine 4.61a were observed in low yields by 1H NMR 

spectroscopy (entry 1, Table 4.3).  

The use of (R,R)-QuinoxP* 4.54 as ligand and [Rh(acac)(CO)2] as precursor in 

toluene (entry 2, Table 4.3), provided full conversion of methyl methacrylate 

4.52a, and the imine intermediates 4.61a  and 4.62a in poor yields (11 and 18% 

respectively by 1H NMR). Furthermore, high amounts of the alkene hydrogenation 

product 4.59a (up to 69%) were detected by 1H NMR spectroscopy. Changing the 
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solvent from toluene to toluene/DCE mixture provided amino ester 4.56e in 12% 

yield and 60% of enantiomeric excess (entry 3, Table 4.3). The increase of the 

catalyst loading up to 2 mol % afforded amino ester 4.56e in higher amounts (26% 

by 1H NMR spectroscopy) and the enantioselectivity was maintained to 60%; 

however, hydrogenation of the alkene remained an important issue (entry 4, Table 

4.3).  

Table 4.3: Optimization of reaction conditions for the asymmetric hydroaminomethylation of 4.52a 

with 4.22a. 

 

Entry
a
 Rh Conv. (%)

b 
4.59a

b 
4.62e

b 
4.61a

b 
4.56e [IY]

b 
ee (%)

c 

1
d 

[Rh(COD)2]BF4 22 16 - 6 - - 

2 [Rh(acac)(CO)2] >99 69 11 18 - - 

3
d 

[Rh(acac)(CO)2] >99 66 6 16 12 [11] 60 

4
e 

[Rh(acac)(CO)2] >99 51 6 16 26 [19] 60 

5
f 

[Rh(COD)2]BF4 77 28 16 17 16 [15] 40 

a 
Reaction conditions: 4.52a (0.5 mmol), 4.22a (0.5 mmol), Rh (1 mol%), 4.54 (1.2 mol %), P = 10 bar 

(H2/CO, 4:1), toluene (0.4 ml), T = 90°C, t = 16h. 
b
 % conversion and yield determined by 

1
H NMR 

using naphthalene as internal standard, values in bracket refer to isolated yields. 
c
 ee determined 

by HPLC. 
d 

 tol/DCE (1:1, 0.4 ml). 
e 

Rh (2 mol%), 4.54 (2.4 mol%), tol/DCE (1:1, 0.4 ml). 
f
 NEt3 (0.5 

mol%), tol/DCE (1:1, 0.4 mL). 

In previous reports, the amine was described as a base to facilitate the formation 

of mono-hydride species when cationic precursors are used.21 Therefore, 

triethylamine (NEt3) was tested as external base with the cationic rhodium 

precursor (entry 5, Table 4.3). Interestingly, the conversion increased to 77%. 
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Moreover, the imines 4.61a and 4.62a were detected in 17 and 16% yield 

respectively, and the amino ester 4.56e was observed in 16% yield by 1H NMR 

spectroscopy and 40% of ee. Thus, it is clear that triethylamine had an effect in the 

activity when a cationic precursor was used, but the enantioselectivity was 

reduced. 

In conclusion, it was decided to use the conditions described in entry 4 (Table 4.3) 

for the subsequent experiments using aniline 4.22a as amine. As expected, the use 

of the neutral precursor favored the hydroformylation (entry 2, Table 4.3); 

however, the higher amount of alkene hydrogenated compared to the case of 

morpholine 4.57a, suggests that aniline 4.22a plays a role in catalysis. Moreover, 

the basicity of the amine was important to achieve activity and chemoselectivity 

when the cationic precursor is used, since the use of NEt3 increased the conversion 

from 22% (entry 1, Table 4.3) to 77% (entry 5, Table 4.3), and more 

hydroformylation products were obtained. 

4.3.2. Rh-catalyzed asymmetric HAM of various α-alkyl acrylates 

At this stage, various α-alkyl acrylates 4.52 bearing distinct alkyl substituents at the 

α-position were tested as substrates (Table 4.4). A broad scope chiral of γ-

aminobutyric esters was afforded in moderate to excellent yields (up to 96%), and 

good to high enantioselectivities (up to 86%). For GABA derivative 4.56f-j bearing a 

benzyl group, slightly lower yields were obtained compared those bearing a 

methyl group, but the enantiomeric excess increased (up to 76%). The, GABA 

derivatives 4.56s-t containing isopropyl and cyclopentyl groups provided the best 

results in terms of yield (up to 96%) and enantioselectivity (up to 86%). 

Nonetheless, the increase in steric hindrance also required small modifications of 

the reaction conditions. For instance, in the case of isopropyl, an increase of the 

total pressure to 15 bar was required to achieve full conversion.  
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Table 4.4: Substrate scope of α-alkyl acrylates 4.52 for the Rh-catalyzed asymmetric 

hydroaminomethylation with various amines. 

 

 
a 

Reaction conditions: 4.52 (0.5 mmol), amine (0.5 mmol), [Rh(COD)2]BF4 (1mol%), 4.54 (1.2 mol%), 

P = 10 bar (H2/CO, 4:1), tol/DCE (1:1, 0.4 ml), T = 90°C, t = 16h. For 4.56k-o P = 15 bar. For 4.56p-s Rh 

(1.5 mol%) and 4.54 (1.8 mol%). For 4.56j, o, t Rh = [Rh(acac)(CO)2] (2 mol%). 
b
 Isolated yields 

obtained from two independent runs. 
c
 ee determined by HPLC. 

d
 ee determined by 

1
H NMR 

spectroscopy using Eu(hcf)3. 
e
 ee determined by HPLC after reduction to the alcohol. 

In the case of α-alkyl acrylates containing a cyclopentyl group, a slight increase of 

the catalyst loading (up to 1.5 mol %) was necessary to afford full conversion. The 

reaction proved to be tolerant to benzyl and Boc groups independently of the 

acrylate used. Interestingly, in the case of amino ester 4.56s it was possible to 
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determine the enantiomeric excess, and it was confirmed that when piperidine is 

used as amine, the enantioinduction is maintained. For amino ester 4.56q the 

enantiomeric excess was determined by HPLC after reduction of the product into 

the analogous alcohol. The lower ee value obtained (47%) indicated the possibility 

of a racemization process during the reduction. 

In conclusion, a broad scope of chiral γ-aminobutyric esters 4.56 was obtained via 

rhodium catalyzed asymmetric hydroaminomethylation using a single catalyst. 

Furthermore, this reaction constitutes the first report of Rh-catalyzed asymmetric 

hydroaminomethylation using one single catalyst. An explanation for the lower 

yield obtained with the substrate bearing a benzyl substituent is the isomerization 

of the alkene to form a more stable trisubstituted olefin, which is more difficult to 

hydroformylate. Such isomerization was already observed by other groups using 

this substrate.18-22  

4.3.3. HP-NMR studies 

In order to gain understanding about the species present during catalysis, various 

HP-NMR experiments were conducted under different reaction conditions. It was 

decided to work under the optimized reaction conditions previously described 

(entry 5, Table 4.1) using the cationic precursor [Rh(COD)2]BF4, (R,R)-QuinoxP* 

4.54, a mixture of solvents (toluene-d8/DCE, 1:1) in a total volume of 0.4 ml. 

The reactivity of [Rh(COD)2]BF4 with (R,R)-QuinoxP* 4.54 was studied by mixing 

them at room temperature inside a 5 mm HP-NMR tube for 1 hour. When the 

solution was analyzed by 31P NMR spectroscopy, two phosphorus signals were 

detected as doublets at 38.9 (JRh,P = 130 Hz) and 41.6 ppm (JRh,P = 148 Hz) (Figure 

4.2). The multiplicity and coupling constants of these signals suggested the 

coordination of the phosphorus at the rhodium center. These resonances were 

therefore attributed to [Rh(COD)(4.54)]BF4 4.63 species where only one COD 

ligand has been displaced by the ligand 4.54, while the other corresponds to 
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[Rh(4.54)2]BF4 4.64 species bearing two (R,R)-QuinoxP* 4.54 coordinated 

molecules. 

 

Figure 4.2: 
31

P{
1
H} NMR spectrum of [Rh(COD)2]BF4 in the presence of 4.54 in tol-d

8
/DCE. 

In order to corroborate this hypothesis, both rhodium complexes 4.63 and 4.64 

were isolated and characterized by NMR spectroscopy and MS spectrometry. 

Moreover, crystals suitable for X-ray diffraction (XRD) were obtained by vapor 

diffusion of pentane into a CH2Cl2 solution containing the complex 

[Rh(COD)(4.54)]BF4 4.63 (Figure 4.3) and complex [Rh(4.54)2]BF4 4.64 (Figure 4.4).  

 

Figure 4.3: ORTEP drawing of the complex [Rh(COD)(4.54)]BF4 4.63 (with ellipsoid at 50% 

probability). Solvent molecules, H, B and F atoms are omitted for clarity and only partial labelling 

scheme is illustrated. 
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Table 4.5: Selected bond lengths (Å) and angles (°) for complex 4.63. 

Bond lengths 

Rh-P(1) 2.258 (3) Rh-C(20) 2.304 (11) 

Rh-P(2) 2.267 (3) Rh-C(23) 2.236 (10) 

Rh-C(19) 2.204 (13) Rh-C(24) 2.292 (10) 

Angles 

P(1)-Rh-P(2) 85.43 (10) C(20)-Rh-(C24) 86.8 (4) 

C(19)-Rh-(C23) 95.9 (4)   

 

In the case of complex [Rh(COD)(4.54)]BF4 4.63, the coordination sphere around 

the rhodium atom was found to correspond to a distorted square planar 

geometry, with P(1)-Rh-P(2) bond cis-angle of 85.43 (10) °, together with C(19)-Rh-

(C23) and C(20)-Rh-C(24) bond cis-angle of 95.9 (4) ° and 86.8 (4) ° respectively 

(Table 4.5). The Rh-P(1) and Rh-P(2) distances were found to be 2.258 (3) and 

2.267 (3) Å respectively. All these values agree with those reported for similar 

cationic rhodium (I) complexes bearing (R,R)-QuinoxP* 4.54 and COD as ligands 

and hexafluoro antimonate as counter ion.19 

The molecular structure of complex [Rh(4.54)2]BF4 4.64 presents a square planar 

geometry (Figure 4.4) with a small distortion presumably due to (R,R)-QuinoxP* 

4.54 bite cis-angle of ca. 85° (Table 4.6).  

 
Figure 4.4: ORTEP drawing of the complex [Rh(4.54)2]BF4 4.64 (with ellipsoid at 50% probability). 

Solvent molecules, H, B and F atoms are omitted for clarity and only partial labelling scheme is 

illustrated. 
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The Rh-P(1) and Rh-P(2) distances were found to be 2.317 (3) and 2.316 (3) Å 

respectively, while Rh-P(3) and Rh-P(4) present slightly shorter distances (2.305 (9) 

and 2.294 (9) Å respectively (Table 4.6). All these values agree with those reported 

for similar cationic rhodium (I) complexes bearing (R,R)-DuPhos.23 

Table 4.6: Selected bond lengths (Å) and angles (°) for complex 4.64. 

Bond lengths 

Rh-P(1) 2.317 (17) Rh-P(3) 2.305(9) 

Rh-P(2) 2.316 (17) Rh-P(4) 2.294(9) 

Angles 

P(1)-Rh-P(2) 84.79(6) P(2)-Rh-P(4) 160.79(19) 

P(1)-Rh-P(3) 163.5(2) P(3)-Rh-P(4) 85.5(3) 

P(1)-Rh-P(4) 98.15(19)   

P(2)-Rh-P(3) 97.02(2)   

Reactivity of [Rh(COD)2]BF4 in the presence of (R,R)-QuinoxP* under CO pressure 

Next, HP-NMR studies were performed with the cationic complex [Rh(COD)2]BF4 in 

the presence of the (R,R)-QuinoxP* ligand 4.54under variable CO pressure in a 

mixture of toluene-d8/DCE. First, the solution was pressurized at 10 bar of CO and 

stirred for 24h at room temperature. Under these conditions, the previously 

detected species [Rh(COD)(4.54)]BF4 4.63 was not observed and a new signal at 

47.2 ppm was detected as a doublet (JRh,P = 115 Hz) by 31P NMR spectroscopy ((a), 

Figure 4.5). It is noteworthy that the resonance corresponding to species 

[Rh(4.54)2]BF4 4.64 was still present in the mixture. Progressively increasing the CO 

pressure and reaction time (up to 30 bar and 96 hours) promoted almost full 

consumption of [Rh(4.54)2]BF4 4.64 ((b), Figure 4.5). The resulting solution was 

analyzed by IR after depressurizing the HP-NMR tube, and two carbonyl 

characteristic bands at 2097 and 2051 cm-1.  

These results indicated that the corresponding species was [Rh(4.54)(CO)2]BF4 

4.65, bearing two CO ligands in cis with ligand 4.54 in a square planar geometry.21 
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Furthermore, the species [Rh(4.54)(CO)2]BF4 4.65 was synthesized by bubbling CO 

into a solution of [Rh(COD)(4.54)]BF4 4.63 in DCM, and characterized by NMR and 

IR spectroscopy.  

Finally, when the HP-NMR tube was heated at 90oC for 16h ((c), Figure 4.5), a new 

signal was detected at 48.7 ppm as a doublet (JRh,P = 116 Hz) by 31P NMR 

spectroscopy. The nature of this signal was attributed to a [Rh(4.54)(CO)3]BF4 4.66 

species bearing three CO ligands, which was confirmed by IR spectrometry of the 

solution with the presence of three characteristic bands at 2120, 2086 and 2041 

cm-1.21 

 
Figure 4.5: 

31
P{

1
H} NMR spectra of [Rh(COD)2]BF4 and 4.54 in tol-d

8
/DCE at variable CO pressures and 

temperatures: a) 10 bar of CO for 16h at room temperature, b) 30 bar CO for 96h at room 

temperature,  c) 10 bar at room temperature for 16h, then 10 bar of CO at 90°C for 16 h. 

In conclusion, the rhodium species 4.63 rapidly reacted with CO to generate the 

complex [Rh(4.54)(CO)2]BF4 4.65 at room temperature, and species 

[Rh(4.54)(CO)3]BF4 4.66 at 90°C (Scheme 4.10). On the other hand, the species 

[Rh(4.54)2]BF4 4.64 proved to be more robust and required longer reaction time, 

and higher pressures (up to 30 bar CO) to be converted into [Rh(4.54)(CO)2]BF4 

4.65.  These observations are in agreement with previous reports.21 

(a) 

(b) 

(c) 
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Scheme 4.10: Reactivity of [Rh(COD)2]BF4 in the presence of 4.54 under CO pressure. 

Reactivity of [Rh(COD)2]BF4 in the presence of (R,R)-QuinoxP* under H2 pressure 

Next, the same [Rh(COD)2]BF4/4.54 system was submitted to 8 bar H2 pressure at 

room temperature. Interestingly, a new signal was detected by 31P NMR 

spectroscopy at 60.1 ppm as a doublet (JRh,P = 200 Hz) together with the signal 

corresponding to complex [Rh(4.54)2]BF4 4.64 (Figure 4.6). In the corresponding 1H 

NMR spectra no signals corresponding to rhodium hydrides species were 

observed. Furthermore, a broad signal at 5.6 ppm attributed to free COD was 

detected by 1H NMR spectroscopy. Low temperature experiments (down to -60°C) 

were also carried out, however no signals corresponding rhodium hydrides were 

detected by 1H NMR spectroscopy. When the solution was heated to 90°C, the 

new signal at 60.1 ppm started to decrease in intensity and the solution turned 

black with the formation of a black precipitate, indicating the decomposition of 

this species. 

 

Figure 4.6: 
31

P{
1
H} NMR spectra of [Rh(COD)2]BF4 and 4.54 in tol-d

8
/DCE at 8 bar of H2 at room 

temperature. 

It was concluded then that species [Rh(COD)(4.54)]BF4 4.63 rapidly reacted with 

hydrogen under these reaction conditions to generate species 4.67 (Scheme 4.11). 

The 31P signal detected indicates the formation of Rh species 4.67 containing two 

equivalent P positions. The strong Rh-P coupling constant suggests a Rh (I) 
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complex and the remaining ligands are speculated to be solvent. Imamoto et al. 

reported rhodium dihydride species with two molecules of solvents coordinated to 

the rhodium center using diphosphine ligands.24 In this report, the signals 

corresponding to the hydride and the phosphorus were detected at low 

temperature (-90°C). Furthermore, the stability of this species is highly dependent 

on the counter ion, for instance, cationic rhodium species bearing BF4
- as anion are 

less stable than those bearing BArF.
25 Despite the week coordination ability of DCE 

as solvent, there are reports in the literature of cationic diphosphine rhodium 

complexes with DCM coordinated to the metal center.26 Taking into account all 

this information, the identity of this species was attributed to [Rh(S)2(4.54)]BF4 

4.67 with two solvent molecules coordinated to the Rh center. 

 

Scheme 4.11: Reactivity of [Rh(COD)2]BF4 in the presence of 4.54 under H2 pressure. 

Reactivity of [Rh(COD)2]BF4 in the presence of (R,R)-QuinoxP* under H2/CO 

pressure 

The system [Rh(COD)2]BF4/4.54 was submitted to 10 bar (H2/CO, 4:1) of syngas at 

90oC for 24h as the catalytic conditions ((a), Figure 4.7). Under these conditions, 

the signals corresponding to the previously identified species [Rh(4.54)(CO)2]BF4 

4.65 and [Rh(4.54)(CO)3]BF4 4.66 (Figure 4.5) were detected by 31P NMR 

spectroscopy. Moreover, the species [Rh(4.54)2]BF4 4.64 was also identified. When 

the pressure was increased to 20 bar (H2/CO, 4:1) at 90oC for another 24h, the 

signal corresponding to dicarbonyl species 4.65 completely disappeared and the 

signal corresponding to [Rh(4.54)]BF4 4.64 was almost consumed, while tricarbonyl 

complex 4.66 was the major species in solution. No hydride signal was detected in 

the corresponding 1H NMR spectra ((b), Figure 4.7). 
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Figure 4.7: 
31

P{
1
H} NMR spectra of [Rh(COD)2]BF4 and 4.54 in tol-d

8
/DCE at variousH2/CO pressures 

and at 90°C: a) 10 bar (H2/CO, 4:1) for 24h, b) 20 bar (H2/CO, 4:1) for 48 h. 

It was therefore concluded that no rhodium hydride species was generated using 

the cationic rhodium precursor and ligand 4.54 under H2/CO pressure. Instead, 

signals corresponding to species dicarbonyl 4.65 and tricarbonyl 4.66 rhodium 

species were detected (Scheme 4.12). However, this result was not consistent with 

the results afforded in catalysis (entry 5, Table 4.1) where the hydroformylation of 

the alkene takes place. At this stage, it was thus decided to study the role of the 

amine in the catalysis via HP-NMR spectroscopy. 

 

Scheme 4.12: Reactivity of [Rh(COD)2]BF4 in the presence of ligand 4.54 under H2/CO pressure. 

Reactivity of [Rh(COD)2]BF4 in the presence of (R,R)-QuinoxP* and morpholine 

under H2/CO pressure  

The subsequent experiments were carried out in the presence of morpholine 

4.57a. 100 equivalents (referred to 1 equivalent of [Rh(COD)2]BF4) were added to 

the 5 mm HP-NMR tube together with the [Rh(COD)2]BF4 complex, ligand 4.54, 

pressurized at 20 bar H2/CO (4:1) and heated at 90°C for 16h. Under these 

conditions, two signals were detected as doublets by 31P NMR spectroscopy at 48.9 

(JRh,P = 115.5 Hz) and 51.6 (JRh,P = 114.7 Hz)  ppm respectively (Figure 4.8). When 

(a) 

(b) 
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the solution was analyzed by 1H NMR spectroscopy, two hydride signals were 

detected as triplet of doublet at -8.5 (JRh,H = 10.4 Hz, JP,H = 57.6 Hz)  and -9.0 (JRh,H = 

12.4 Hz, JP,H= 62.8 Hz)  ppm (Figure 4.8). Furthermore, terminal carbonyls 

coordinated to rhodium were also detected by 13C NMR spectroscopy as doublet of 

triplets at 199.3 (JP,C = 11.6 Hz, JRh,C = 69.7 Hz) and 199.1 ppm (JP,C = 10.8 Hz, JRh,C = 

68.8 Hz). When the same experiments was carried out using neutral precursor 

[Rh(acac)(CO)2], under syngas but in the absence of morpholine, both signals 

corresponding to rhodium species 4.68 and 4.69 were again detected by 1H NMR 

spectroscopy under these conditions. Thus, it was concluded that these 2 species 

did not contain any amine ligand.  

 

 

Figure 4.8: NMR spectra from of [Rh(COD)2]BF4 in the presence of 4.54 and morpholine 4.57a under 

H2/CO pressure Top: 
31

P{
1
H} NMR spectra. Bottom:

 1
H NMR spectra. 

Analysis of the 1H NMR spectrum revealed the presence of two set of signals: two 

doublet of doublets at 7.3 ppm and 8.0 ppm, corresponding to the expected 

resonance of a quinaxoline backbone, while the second set of signals included two 

doublet of doublets at 6.4 ppm and 5.7 ppm and the broad singlet at 4.0 ppm. In 

the alkylic region of the spectrum, several signals corresponding to protonated 

acetylacetonate and several methyl and tert-butyl groups were also detected 

(Figure 4.9). 1H-31P Heteronuclear Multiple Bond Correlation (HMBC) exhibited 

correlation between the hydride signal at -8.5 ppm corresponding and the 

phosphorus signal at 51.6 ppm in 31P{1H} NMR spectrum. 

1
H NMR 

31
P{

1
H} NMR 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Chapter 4 

 

142 
 

 

Figure 4.9: 
1
H NMR spectra of [Rh(acac)(CO)2] in the presence of ligand 4.54 in tol-d

8
 under 20 bar 

(H2/CO, 4:1), at 90°C, for 16h. Red: quinaxoline backbone; green and blue: protonated acac; purple: 

methyl groups from quinaxoline; yellow: 
t
Bu groups quinaxoline; orange: new signal at 4 ppm. 

The second hydride signal at -9.0 ppm in 1H NMR spectra and the resonance at 4.0 

ppm showed correlation with the phosphorus signal at 48.9 ppm. This experiment 

indicated the formation of two Rh-H species: species 4.68 containing a (R,R)- 

QuinoxP* 4.54 ligand unaltered while the 2nd species 4.69 contained a “modified” 

(R,R)-QuinoxP* 4.54 ligand. In this latter species, the 1H NMR signal at 4.0 ppm 

revealed close in space to the proton at 5.7 ppm by 1H-1H NOESY technique. 1D 

and 2D 13C NMR spectroscopy experiments were also carried out. The data 

obtained are summary in Figure 4.10 and Table 4.7 and Table 4.8. 

 

Figure 4.10: Top: Proposed structure for species 4.68 and 4.69. Bottom: Correlations observed via 2D 

NMR experiments between signal at 4 ppm and the rest of quinaxoline backbone from species 4.69.

H2 
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Table 4.7: Selected spectroscopic data of the rhodium coordination sphere from rhodium complexes 4.68 and 4.69.  

 

 

Table 4.8: Selected spectroscopic data corresponding to the quinaxoline backbone of rhodium complexes 4.68 and 4.69. 

 

 δ 
31

P ppm δ 
1
H  ppm δ 

13
CO  ppm 

4.68 51.6 (d, JRh,P = 114.7 Hz) - 8.5 (td, JRh,H = 10.4 Hz, JP,H = 57.6 Hz) 199 (dt, JP,C = 10.8 Hz, JRh,C = 68.8 Hz) 

4.69 48.9 (d, JRh,P = 115.5 Hz) - 9.0 (td, JRh,H = 12.4 Hz, JP,H = 62.8 Hz) 199 (dt, JP,C = 11.6 Hz, JRh,C = 69.7 Hz) 

4.68 4.69 

δ 
1
H ppm δ 

13
C  ppm δ 

1
H ppm δ 

13
C  ppm 

1.05 (C(CH3)3) 28 (C(CH3)3), 31.9 (t, JP,C = 9.4 Hz, C(CH3)3) 1.05 (C(CH3)3) 28 ( C(CH3)3), 31.3 (t, JP,C = 9.9 Hz, C(CH3)3) 

1.79 (CH3) 14.9 (CH3) 1.20 (CH3) 11.6 (CH3) 

- 162.5 (t, JP,C = 47.9 Hz, C) - 132.2 (t, JP,C = 48.1 Hz, C) 

- - 4 (NH) - 

- 141.2 (C) - 133.8 (C) 

7.3 (CH) 131.3 (CH) 5.7 (CH) 113.1 (CH) 

7.9 (CH) 129.9 (CH) 6.4 (CH) 123.0 (CH) 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Chapter 4 

144 

In the same experiment, the temperature was progressively reduced and the 

behavior of the signals was analyzed by 1H NMR spectroscopy (Figure 4.11). The 

multiplicity of both signals changed from a clear triple of doublet to a pseudo-

doublet of doublet when the temperature progressively decreased (Figure 4.11). 

Moreover, it was also observed that the ratio between the signals corresponding 

to species 4.68 and 4.69 did not change. 

 

 

Figure 4.11: 1
H NMR spectra of [Rh(acac)(CO)2] in the presence of ligand 4.54 under syngas pressure 

in tol-d
8
 recorded at variable temperature. 

It was therefore concluded that under these conditions, the formation of 

[RhH(CO)2(PP)] species, usually reported as resting state of the HF catalytic cycle, 

was observed either by reaction under syngas of the neutral complex 

[Rh(acac)(CO)2] with ligand (R,R)-QuinoxP* 4.54, or with the cationic complex 

[Rh(COD)2]BF4 with ligand (R,R)-QuinoxP*  4.54 in the presence of morpholine 

4.57a. In the latter case, the amine was necessary for the formation of RhH 

-60°C 

25°C 

-45°C 

-70°C 
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species. The promotion of H2 heterolytic cleavage to form neutral RhH species 

from cationic precursors was previously reported.21-25b The multiplicity (triplet of 

doublet) and coupling constants (JP,H < 70 Hz) of these signals corresponding to 

rhodium monohydride species 4.68 and 4.69 are in agreement with an eq-ax 

coordination mode of the bidentate ligand in which the hydride is exchanging 

between axial and equatorial position at NMR time scale.27 The decrease in 

temperature slows down the equilibrium previously mentioned, and the large 

coupling constants of the phosphorus in trans (JP,H ca. 120 Hz)  to the hydride can 

be observed, while the small coupling constants of the phosphorus in cis to the 

hydride cannot be detected.27 These results demonstrated that partial reduction of 

the quinaxoline backbone takes place under H2/CO, providing rhodium hydride 

species 4.68 bearing either unaltered (R,R)-QuinoxP* ligand 4.54 or the rhodium 

hydride species 4.69 bearing the partially reduced ligand. The exact role of these 

species in the catalytic reaction is not clear to date. 

Experiments to monitor the formation of rhodium monohydrides 4.68 and 4.69 

With these results in hand, the effect of the reaction conditions on the formation 

of rhodium hydride species 4.68 and 4.69 was investigated. First, the effect of the 

concentration of the species in solution was studied by increasing it from 0.0125M 

to 0.0375M (Figure 4.12).  

 

Figure 4.12: 
1
H NMR spectra of [Rh(acac)(CO)2] in the presence of ligand 4.54 in told-d

8
 under 20 bar 

(H2/CO, 4:1), at 90°C, for 16h. 

0.0125 M 

0.0375 M 
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At 0.0125 M concentration, rhodium hydride species 4.68 is the major one 

(4.68/4.69 = 60:40), while at higher concentration (0.0375 M), the rhodium 

hydride species 4.69 containing the reduced quinaxoline backbone turns into the 

major species in solution (4.68/4.69 = 42:58). Then, the effect of the temperature 

was studied. When the reaction was performed with a concentration of 0.0375M, 

at 25°C, under 10 bar (H2/CO, 4:1) of syngas pressure for 16h by 1H NMR 

spectroscopy, the signal corresponding to rhodium hydride species 4.68 was 

detected together with a new signal at -10.8 ppm as a triplet doublet of triplet 

(tdt) (JP,H = 32, 4 Hz, JRh,H = 12 Hz, JP,H = 4 Hz). However, the signals corresponding to 

the RhH species 4.69 were not detected under these conditions. By 31P NMR 

spectroscopy, two doublet of triplets at 32.5 ppm (JRh,P = 124.7 Hz, JP,P = 10.7 Hz) 

and 55 ppm (JRh,P = 138.6 Hz, JP,P = 10.7 Hz) were detected observed (Figure 4.13).  

 

 

 

Figure 4.13: Top: 
1
H NMR spectra of rhodium hydride 4.68 and species 4.70. Bottom:

 31
P{

1
H} NMR 

spectra of rhodium hydride 4.68 and species 4.70. 

1H-31P HMBC experiment exhibited correlation between the new signal hydride 

signal at -10.8 ppm and the two phosphorus signals at 32.5 and 55 ppm. 

Furthermore, selective decoupling experiments allowed us to attribute the large 

P,H coupling constant (JP,H = 32 Hz) is due to the phosphorus with signal at 32.5 

ppm, and the small P,H coupling constant (JP,H = 4 Hz) to the phosphorus with 

signal at 50 ppm.  When the solution was analyzed by 13C NMR spectroscopy, only 

1
H NMR 

31
P{

1
H} NMR 
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the carbonyl signals corresponding to rhodium hydride 4.68 were detected, even 

when the experiment was carried out using labeled 13CO. These signals were 

tentatively attributed to fluxional [RhH(4.54)2] 4.70 species.28 After 96h of 

reaction, the signals corresponding to species 4.70 was not detected anymore and 

only signals corresponding to rhodium hydride species 4.68 could be detected at 

this temperature. Interestingly, upon raising the temperature to 90°C, resonances 

corresponding to rhodium hydride species 4.69 were detected, clearly indicating 

that this rhodium hydride species 4.69 is formed by reaction of rhodium hydride 

species 4.68 under these conditions (Figure 4.14).  

 

Figure 4.14: Top: 
1
H NMR spectra of [Rh(acac)(CO)2] in the presence of ligand 4.54 in told-d

8
 at room 

temperature under 10 bar (H2/CO, 4:1) for 96h. Bottom: 
1
H NMR spectra after the previous solution 

was heated at 90°C for 16h. 

It was therefore concluded that rhodium hydride species 4.68 containing an 

unaltered quinaxoline backbone can be generated at room temperature under 

syngas pressure even at 0.0375 M concentration (Scheme 4.13). Moreover, the 

rhodium hydride species 4.69 containing the partially reduced quinaxoline 

backbone is generated from the rhodium hydride species 4.68 at 90°C under 

syngas pressure (Figure 4.14 and Scheme 4.13).  

 

Scheme 4.13: Reactivity of [Rh(acac)(CO)2] in the presence of ligand 4.54 under syngas pressure at 

room temperature and 90°C. 
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All the experiments performed before are summarized in Scheme 4.14. 

  

Scheme 4.14: Reactivity of ligand 4.54 with different rhodium precursors and morpholine 4.57a 

under CO, H2 or H2/CO pressure, and temperature. 

Reactivity of [Rh(COD)2]BF4 in the presence of (R,R)-QuinoxP* and aniline under 

H2/CO pressure 

In the catalytic experiments, aniline 4.22a did not provide reactivity when it was 

used as amine in the HAM of α-alkyl acrylates 4.52 using a cationic rhodium 

precursor. Indeed, it was necessary to use a neutral rhodium precursor in order to 

conduct the hydroformylation step. Therefore, it was decided to study the effect 

of aniline in the formation of the different species via HP-NMR spectroscopy 

(Figure 4.15). When the cationic rhodium precursor was mixed with (R,R)-

QuinoxP* 4.54 and aniline 4.22a, the signals corresponding to species 

[Rh(COD)(4.54)]BF4 4.63 and [Rh(4.54)2]BF4 4.64 were detected by 31P NMR 

spectroscopy as in previous experiments. Interestingly, two signals were detected 

as doublets at 59.7 (JRh,P = 97.5 Hz) ppm and 60.9 (JRh,P = 79 Hz) (Figure 4.15). These 
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signals were attributed to rhodium species 4.71 and 4.72 bearing (R,R)-QuinoxP* 

ligand 4.54 and aniline 4.22a as ligands. After that, 20 bar of H2/CO (4:1) were 

added to the tube and heated to 90°C for 16 hours. However, under these 

conditions, no hydride signals were detected by 1H NMR spectroscopy and it was 

concluded that, in contrast to morpholine 4.57a, aniline 4.22a has not been able to 

promote the formation of rhodium hydride species 4.68 or 4.69. Instead, the signal 

corresponding to rhodium tricarbonyl species 4.66 was detected again by 31P NMR 

spectroscopy (Figure 4.15).  

 

Figure 4.15: 
31

P{
1
H} NMR spectra of [Rh(COD)2]BF4 in the presence of 4.54 and aniline 4.22a in tol-

d
8
/DCE. Top: 20 bar (H2/CO, 4:1) at 90°C for 16 h. Bottom: no pressure 

Reactivity of [Rh(acac)(CO)2] and [Rh(COD)2]BF4 in the presence of (R,R)-

QuinoxP*, morpholine, and methyl methacrylate under H2/CO pressure 

Finally, the reactivity of the two rhodium precursor previously applied was studied 

in the presence of (R,R)-QuinoxP* 4.54,  methyl methacrylate 4.52a (100 equiv.) 

and morpholine 4.57a (100 equiv.), in the solvents of choice (0.4 mL), under 10 bar 

(H2/CO, 4:1) of syngas, and at 90°C.  

First, when the neutral [Rh(acac)(CO)2] precursor was used in toluene as solvent 

(entry 1, Table 4.1) the signal corresponding to free ligand 4.54  was detected at      
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-17 ppm by 31P NMR spectroscopy together the signal corresponding species 

[Rh(acac)(4.54)] 4.73 as a doublet at 62.0 ppm (JRh,P = 187.6 Hz) (Figure 4.16). Then, 

the tube was pressurized, heated at 90°C, and the reaction was monitored by 31P 

NMR spectroscopy. After 30 min of reaction the signal corresponding to rhodium 

hydride species 4.68 was detected together with the signal of [Rh(acac)(4.54)] 4.73 

(Figure 4.16). Upon 60 min of reaction, the signal corresponding to species 4.68 

was not detected anymore. Through all the rest of the experiment, only species 

[Rh(acac)(4.54)] 4.73 was detected by 31P NMR spectroscopy (Figure 4.16). 

 

Figure 4.16: 
31

P{
1
H} NMR spectra recorded at various time in the Rh-catalyzed HAM of methyl 

methacrylate 4.52a with morpholine 4.57a using conditions from entry 1, Table 4.1 

When the reaction was monitored by 1H NMR spectroscopy, the signals from the 

linear enamine 4.58a were observed at early reaction time. However, no signals 

corresponding to linear aldehyde 4.55a were observed, indicating that the 

hydroformylation and condensation step proceed very fast. At the end of the 

experiment after 16h, the solution was analyzed by GC-MS and the alkene 
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hydrogenation product 4.59a, the branched aldehyde 4.60a, and linear enamine 

4.58a were detected, which is in agreement with the results afforded in catalysis 

(entry 1, Table 4.1). In conclusion, the use of a neutral precursor [Rh(acac)(CO)2] 

and ligand 4.54 in toluene promoted the formation of monohydride species that 

perform the asymmetric hydroformylation (Scheme 4.15). However, no cationic 

species responsible of the hydrogenation of the enamine was observed.  

 

Scheme 4.15: Reactivity of [Rh(acac)(CO)2] and ligand 4.54 in toluene under 10 bar (H2/CO, 4:1) at 

90°C. 

The next experiment was carried out using the cationic [Rh(COD)2]BF4 precursor 

and the mixture of solvents toluene/DCE (1:1) (Figure 4.17). When the reagents 

were mixed without pressure, resonances corresponding to species 

[Rh(COD)(4.54)]BF4 4.63 and [Rh(4.54)2]BF4 4.64 were detected together with a 

new signal as a doublet (JRh,P = 181.5 Hz) at 55 ppm by 31P NMR spectroscopy 

(Figure 4.17). The nature of this species 4.74 was attributed to a rhodium species 

with two morpholine 4.57a coordinated to the rhodium instead of COD (Figure 

4.17). Next, the tube was submitted to the syngas pressure, heated to 90°C and 

the reaction was monitored by 31P NMR spectroscopy. After 30 min, the signal 

corresponding to species [Rh(COD)(4.54)]BF4 4.63 disappeared and the signal 

attributed rhodium hydride 4.68 was detected. Furthermore, the species 

[Rh(4.54)2]BF4 4.64 remains in solution (Figure 4.17). When the reaction was 
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analyzed after 60 min, the rhodium hydride 4.68 was not detected anymore. In 

addition, two new signals were detected as doublets of doublets at 38 ppm (JRh,P = 

123.5 Hz, JP,P = 38.7 Hz) and 61.5 ppm (JRh,P = 151.7 Hz, JP,P = 38.5 Hz).  

 

 

Figure 4.17: 
31

P{
1
H} NMR spectra recorded at various time in the Rh-catalyzed HAM of methyl 

methacrylate 4.52a with morpholine 4.57a using conditions from entry 5, Table 4.1. 

Previous reports on mechanistic studies in the rhodium catalyzed hydrogenation of 

enamides using C2-Symmetry diphosphine ligands (R,R)-Dipamp 4.75 and (R,R)-

BenzP* 4.53 described intermediate rhodium species bearing the diphosphine 

ligand and the enamide coordinated through a carbonyl group and the double 

bond (Figure 4.18).24-29 The NMR features reported for these species are in 

agreement with those observed in this study. The new signals were thus attributed 

to the new rhodium species 4.76 containing the enamine 4.58a coordinated to the 

rhodium center through the carbonyl of the ester moiety and the double bond. 

Such a species consequently contains two non-equivalent phosphorus, one trans 
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to the carbonyl, and another trans to the double bond (Figure 4.18). Finally, when 

the reaction was left, a new signal was detected as a doublet (JRh,P = 191.5 Hz) at 

62.5 ppm by 31P NMR spectroscopy. The multiplicity and constant coupling suggest 

a symmetric Rh (I) species. This signal was tentatively attributed to a rhodium (I) 

species bearing (R,R)-QuinoxP* ligand 4.54 and two molecules of the amino ester 

product 4.56a coordinated. 

 

Figure 4.18: Examples of intermediates 4.77 and 4.78 detected in the rhodium catalyzed 

hydrogenation of enamides reported in the literature, and the proposed species 4.76 in this work. 

When the reaction was monitored by 1H NMR spectroscopy, the alkene 

hydrogenation product 4.59a, the branched aldehyde 4.60a, the linear enamine 

4.58a and linear amino ester 4.56a were detected after 30 min of reaction. 

Nonetheless, the linear aldehyde 4.55a was not observed in any case. Further 

analysis of the solution by GC-MS, confirmed the presence of all the reaction 

products mentioned before. 

Thus, it was confirmed again by 1H NMR spectroscopy that the hydroformylation of 

the methyl methacrylate 4.52a and the condensation of linear aldehyde 4.55a take 

place very fast. Moreover, the neutral rhodium hydride 4.68 and the cationic 

rhodium [Rh(4.54)2]BF4 4.64 were detected by 31P NMR spectroscopy. In contrast 

to the previous experiment (Figure 4.16), a new set of signals was detected by 31P 

NMR spectroscopy and attributed to rhodium species 4.76 (Figure 4.18). This 
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species could be an intermediate during the enamine hydrogenation. The 

reactivity observed is illustrated in Scheme 4.16 with all the reaction products and 

species detected. 

 

Scheme 4.16: Reactivity of [Rh(COD)2]BF4 and ligand 4.54 in tol/DCE under 10 bar (H2/CO, 4:1) at 

90°C. 

The last HP-NMR experiment was performed using the reaction conditions used in 

catalysis (entry 4, Table 4.1) using the neutral precursor [Rh(acac)(CO)2], the ligand 

4.54 and the mixture of toluene/DCE as solvent (Figure 4.19). After mixing the 

reagents and analyzing the solution by 31P NMR spectroscopy, only a broad signal 

at 45.5 ppm was detected. After 30 min of reaction, a complex mixture of signals 

was observed by 31P NMR spectroscopy at ca. 39 and 62 ppm. Upon 120 min of 

reaction, a clearer 31P{1H} NMR spectrum was obtained in which the signal 

corresponding to species [Rh(acac)(4.54)] 4.73 was detected together with a new 

doublet signal at 38.9 ppm (JRh,P = 133.9 Hz). Such species presents a similar 

chemical shift and coupling constant to [Rh(4.54)2]BF4  4.64 (38.9 ppm and JRh,P = 

133 Hz). Therefore, this new signal was attributed to species [Rh(4.54)2]acac 4.79 

analogous to [Rh(4.54)2]BF4 4.64 but containing acetylacetonate as counter ion 

instead of tetrafluoroborate. Such species has been previously reported in the 

hydrogenation unsaturated ketones.30 Moreover, two signals were observed by 31P 
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NMR spectroscopy as doublets of doublets at 38.1 ppm (JRh,P = 122.9 Hz, JP,P = 41.6 

Hz) and 59.8 ppm (JRh,P = 153.6 Hz, JP,P = 41.4 Hz), and were attributed to a new 

rhodium species 4.80.  

 

Figure 4.19: 
31

P{
1
H} NMR spectra recorded at various time in the Rh-catalyzed HAM of methyl 

methacrylate 4.52a with morpholine 4.57a using conditions from entry 4, Table 4.1. 

Taking into account previous results (Figure 4.17 and Figure 4.18), the new species 

4.80 presents signals with the same multiplicity to the cationic rhodium species 

4.76 with the enamine 4.58a coordinated to the rhodium center. Nonetheless, the 

coupling constant of the signals corresponding to species 4.80 slightly differ from 

those of 4.76. Since, the only difference in the reaction conditions between this 

experiment (Figure 4.19) and the previous one (Figure 4.17) is the use of the 

neutral [Rh(acac)(CO)2] precursor instead of cationic [Rh(COD)2]BF4 precursor, the 

acetylacetonate might be “involved” in the cationic species 4.80 either as counter 

ion, or the protonated acetylacetonate interacts somehow with the enamine 4.58a 
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(Figure 4.20). Similar results were described by Imamoto and co-workers who 

reported the interaction of methanol with the enamide via hydrogen bonding.31 

 

Figure 4.20: Proposed structures for the rhodium species 4.80. 

When the reaction was monitored by 1H NMR spectroscopy, the alkene 

hydrogenation product 4.59a, the branched aldehyde 4.60a, the linear enamine 

4.58a and linear amino ester 4.56a were detected, while no signal of linear 

aldehyde 4.55a was observed. The reactivity observed is illustrated Scheme 4.17.  

 

Scheme 4.17: Reactivity of [Rh(acac)(CO)2] and 4.54 in tol/DCE under 10 bar (H2/CO, 4:1) at 90°C. 

In conclusion, this experiment provides evidence that both neutral species and 

cationic species can coexist throughout. Moreover, it demonstrates that a neutral 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Rhodium catalyzed asymmetric HAM of α-alkyl acrylates 

 

157 

species can be transformed into a cationic species under these reaction conditions. 

The role of DCE as solvent in this equilibrium is still unclear, and further 

experiments would be required to elucidate its role in catalysis. Nonetheless, it is 

proposed that DCE is able to solubilize cationic species, and therefore allow the 

equilibrium between neutral and cationic species to be displaced. The summary of 

the reactivity observed through the monitoring experiments is summarized in 

Scheme 4.18. 

 
Scheme 4.18: Summary of the reactivity observed in the HAM of methyl methacrylate 4.52a with 

morpholine 4.57a when the reaction was monitored using various rhodium precursors with ligand 

4.54 and various mixtures of solvents. 

In view of the results obtained it was concluded that the enantioselectivity is 

induced in the asymmetric hydroformylation of the alkene, in which neutral 

species are involved. Subsequent condensation of the amine generates the 

corresponding enamine that is hydrogenated via cationic species. The absence of 
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signals corresponding to the linear aldehyde via 1H NMR spectroscopy suggests 

that the alkene hydroformylation and the linear aldehyde condensation take place 

fast, while the hydrogenation of the enamine is the rate determining step. 

 Conclusions 4.4.

From the study described in this chapter, the following conclusions can be 

extracted: 

i) The synthesis of chiral α-alkyl-γ-aminobutyric esters 4.56 have been 

achieved via rhodium catalyzed hydroaminomethylation of α-alkyl 

acrylates 4.52 using (R,R)-QuinoxP* 4.54 as ligand. 

ii) The optimized conditions included the use of the cationic rhodium 

precursor [Rh(COD)2]BF4, a mixture of solvents toluene/DCE, 10 bar 

(H2/CO, 4:1), and 90°C for secondary amines.  

iii) When the aniline 4.22a was used, it was necessary to use a neutral 

rhodium precursor and tol/DCE mixture as solvent in order to obtain the 

target molecules. 

iv) The reaction is tolerant to protecting groups at the amine, and to various 

alkyl groups at the olefin. 

v) To the best of our knowledge this process constitutes the first asymmetric 

hydroaminomethylation process carried out using one single catalyst to 

the best of our knowledge. 

vi) The basicity of the amine was shown to be crucial in order to form the Rh-

H species [RhH(CO)2(PP)] that is involved in the HF of the substrate. 

vii) Several new species were detected and characterized under CO, H2 and 

H2/CO via NMR and IR spectroscopy. 

viii) Two rhodium hydride species 4.68 and 4.69 with the ligand in eq-ax 

coordination mode have been detected and characterized. The rhodium 

hydride species 4.69 contains a partially reduced quinaxoline backbone. 
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ix) The rhodium monohydride species 4.68 can be selectively generated at 

room temperature, and evolve into the rhodium monohydride 4.69 when 

heated. Throughout the formation of rhodium hydride 4.68, the new 

rhodium hydride species 4.70 has been detected. 

x) The neutral precursor in toluene is not able to complete the 

hydrogenation of enamine 4.58a since no cationic species are generated. 

xi) The cationic rhodium species 4.76 containing the enamine 4.58a 

coordinated to the rhodium center was detected via 31P NMR spectroscopy 

when optimized conditions (entry 5, Table 4.1) were applied.  

xii) The use tol/DCE as solvent mixture facilitates the formation of cationic 

species [Rh(4.54)2]acac 4.79 and rhodium species 4.76 with the enamine 

4.58a coordinated from the neutral precursor in the mixture of 

toluene/DCE. Furthermore, species [Rh(acac)(4.54)] 4.73 was also 

observed in the media. Thus, the coexistence of neutral and cationic 

species during the HAM reaction was confirmed by HP-NMR spectroscopy. 

 Experimental 4.5.

4.5.1. General considerations 

All the reactions were carried out using Schlenk-line inert atmosphere techniques 

or glovebox techniques. Anhydrous solvents were collected from the system Braun 

MB SPS-800 except from 1,2-dichloroethane, which was dried over CaH2, and 

stored under inert atmosphere. 

 

Commercially available reagents and solvents were purchased at the highest 

commercial quality from Sigma-Aldrich,  Fluka,  Alfa  Aesar,  Fluorochem,  Strem 

and were used  as  received,  without  further purification, unless otherwise  

stated.  
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1H, 13C{1H}  and 31P{1H}  NMR spectra were recorded using a Varian Mercury VX 400 

(400, 100.6, and 161.97 MHz respectively). Chemical shift values (δ) are reported 

in ppm relative to TMS (1H and 13C{1H}) or H3PO4 (
31P{1H}), and coupling constants 

are reported in Hertz. The following abbreviations are used to indicate the 

multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; bs, broad 

signal. High-resolution mass spectra (HRMS) were recorded on an Agilent Time-of-

Flight 6210 using ESI-TOF (electrospray ionization-time of flight). Samples were 

introduced to the mass spectrometer ion source by direct injection using a syringe 

pump and were externally calibrated using sodium formate. The instrument was 

operating in the positive ion mode. Reactions were monitored by TLC carried out 

on 0.25 mm E. Merck silica gel 60 F254 glass or aluminum plates. Developed TLC 

plates were visualized under a short-wave UV lamp (254 nm) and by heating plates 

that were dipped in potassium permanganate. Flash column chromatography was 

carried out using forced flow of the indicated solvent on Merck silica gel 60 (230-

400 mesh).  

 

The Rh-catalyzed HAM reaction and Rh-catalyzed AHF reaction were set up in a 

CAT24 autoclave from HEL Inc. and were stirred with a teflon-coated magnetic stir 

bar. 

 

The enantiomeric excess of γ-aminobutyric esters 4.52 or analogous aminoalcohols 

4.81 was determined by 1H NMR spectroscopy using Eu(hcf)3, and HPLC  analysis 

on  chiral  stationary  phase performed  on  a Waters ACQUITY® UPC2 instrument, 

employing  Daicel  Chiralpak  IA,  IG, IC or OD-H chiral columns, and Trefoil CEL2 

chiral column. The exact conditions for the analyses are specified within the 

supporting information section. HPLC traces were compared to racemic samples 

prepared performing the reactions in the presence of di-tert-

butylphenylphosphine. 
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4.5.2. Synthesis of α-alkyl acrylates 4.52 

General Procedure A: Synthesis of α-alkyl acrylates (4.52b-d) 

 

 

 

 

 

The reaction was carried out in an oven dried, argon purged, schlenck fitted with a 

argon inlet and  septum  and following a modified literature  procedure.18 To a 

stirred solution of ethyl 2-alkylacetoacetate (17 mmol, 1.0 eq) in THF (136 mL) was 

added LiHMDS 1.0 M in THF (19 mL, 19 mmol, 1.1 eq) at -78°C. The solution was 

left stirring for 30 min then paraformaldehyde (3g, excess) was added as a solid in 

one portion. The suspension was allowed to reach room temperature and left 

stirring for 16h. The mixture was filtrated through a pad of Celite to remove the 

excess of paraformaldehyde. The filtrate was concentrated in vacuo and purified 

by flash chromatography to afford the α-alkyl acrylate 4.52.  

 

Ethyl 2-benzylacrylate (4.52b)18 

General procedure A was followed employing ethyl 2-benzyl-3-

oxobutanoate as starting material. Purification by flash 

chromatography eluting with hexane/EtOAc (20:1) afforded 4.52b (3.0 g, 93%) as 

colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.22 (t, JH,H = 7.2 Hz, 3H), 3.59 (s, 2H), 4.14 (q, JH,H = 7.2 

Hz, 2H), 5.41 (bs, 1H), 6.19 (bs, 1H), 7.15-7.27 (m, 5H, Ar). 13C NMR (100.6 MHz, 

CDCl3) : 14.2 (1C), 38.1 (1C), 60.8 (1C), 126.0 (1C), 126.3-138.8 (6C, Ar), 140.4 (1C), 

167.0 (1C). These signals are in agreement with those reported in the literature. 

 

Ethyl 3-methyl-2-methylenebutanoate (4.52c)18 

General procedure A was followed employing ethyl 2-acetyl-3-

methylbutanoate as starting material. Purification by flash 
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chromatography eluting with hexane/EtOAc (20:1) afforded 4.52c (2.2 g, 54%) as 

colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.07 (d, JH,H = 8 Hz, 6H), 1.30 (t, JH,H = 8 Hz, 3H), 2.80 

(m, 1H), 4.21 (q, JH,H = 8 Hz, 2H), 5.50 (bs, 1H), 6.11 (bs, 1H). 13C NMR (100.6 MHz, 

CDCl3) : 14.3 (1C), 21.9 (2C), 29.4 (1C), 60.6 (1C), 121.6 (1C), 147.5 (1C), 167.6 

(1C). Peaks in agreement with those reported in the literature. 

 

Ethyl 2-cyclopentylacrylate (4.52d) 

General procedure A was followed employing ethyl 2-cyclopentyl-

3-oxobutanoate (10 mmol) as starting material. Purification by 

flash chromatography eluting with hexane/EtOAc (30:1) afforded 4.52d (850 mg, 

51%) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.26 (t, JH,H = 8 Hz, 3H), 1.58 (m, 2H), 1.64 (m, 5H), 

1.70 (m, 1H), 2.84 (m, 1H), 4.20 (q, JH,H = 8 Hz, 2H), 5.51 (bs, 1H), 6.10 (bs, 1H).13C 

NMR (100.6 MHz, CDCl3) : 14.3 (1C), 25.0 (2C), 31.2 (2C), 41.5 (1C), 60.5 (1C), 

121.6 (1C), 144.8 (1C), 167.7 (1C). ESI-HRMS: Calculated for C10H16O2. Exact: (M: 

168.1150, M+H: 169.1229); Experimental: (M+H: 169.1221). 

4.5.3. Rh-catalyzed asymmetric hydroaminomethylation of α-alkyl 

acrylates 4.52 

General procedure B: rhodium catalyzed asymmetric hydroaminomethylation of 

α-alkyl acrylates 4.52 with secondary amines. 

 

A 2 mL glassware reactor tube was charged with α-alkyl acrylate 4.52 (0.5 mmol), 

amine (0.5 mmol), bis(1,5-cyclooctadiene)rhodium (I) tetrafluoroborate (2 mg, 
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0.005 mmol) in DCE (0.2 mL) and chiral ligand (R,R)-QuinoxP*4.54 (2 mg, 0.006 

mmol) in toluene (0.2 mL). The reaction tube was placed in the reactor which was 

pressurized at the desired pressure, heated to 90°C and left stirring at 900 rpm. 

The reaction was stopped after 16 h by cooling the reactor in an ice bath for 20 

min followed by venting of the system. The mixture was purified by 

chromatographic column and the enantiomeric excess of the resulting α-alkyl-γ-

aminobutyric esters 4.56 analyzed by chiral HPLC or 1H NMR using Eu(hcf)3. 

General procedure C: rhodium catalyzed asymmetric HAM of α-alkyl acrylates 

4.52 with aniline 4.22a. 

 

A 2 mL glassware reactor tube was charged with α-alkyl acrylate 4.52 (0.5 mmol), 

aniline 4.22a (0.5 mmol), dicarbonyl(acetylacetonato)rhodium (I) (2.6 mg, 0.01 

mmol) in DCE (0.2 mL) and chiral ligand (R,R)-QuinoxP* 4.54 (4 mg, 0.012 mmol) in 

toluene (0.2 mL). The reaction tube was placed in the reactor which was 

pressurized with 10 bar of H2/CO (4:1), heated to 90°C and left stirring at 900 rpm. 

The reaction was stopped after 16 h by cooling the reactor in an ice bath for 20 

min followed by venting of the system. The mixture was purified by 

chromatographic column and the enantiomeric excess of the resulting α-alkyl-γ-

aminobutyric esters 4.56 analyzed by chiral HPLC. 

 

Methyl 2-methyl-4-morpholinobutanoate (4.56a) 

General procedure B was followed employing methyl methacrylate 

4.52a (53.5 μL, 0.5 mmol) and morpholine (44 μL, 0.5 mmol). 

Purification by flash chromatography eluting with pentane/Et2O (2:1) 
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afforded 4.56a (60 mg, 60%) as colorless oil. The enantiomeric excess was 

determined to be 73% by UPC2 analysis on a Acquity Trefoil Cel2 column with a 

gradient 90:10 CO2/Acetonitrile with 0.1% of diethylamine as additive, flow rate 

2mL/min, λ = 230 nm: tr minor = 2.0 min, tr major = 1.5 min. 

1H NMR (400 MHz, CDCl3) : 1.15 (d, JH,H = 7.2 Hz, 3H), 1.55 (m, 1H), 1.90 (m, 1H), 

2.31 (dt, JH,H = 2, 8 Hz, 2H), 2.49 (bs, 4H), 2.52 (m, 1H), 3.66 (s, 3H), 3.69 (t, JH,H = 

4.4, 4H). 13C NMR (100.6 MHz, CDCl3) : 17.4 (1C), 30.5 (1C), 37.9 (1C), 51.7 (1C), 

53.8 (2C), 56.8 (1C), 67.1 (2C), 177.1 (1C). ESI-HRMS: Calculated for C10H19NO. 

Exact: (M: 201.1365, M+H: 202.1443); Experimental: (M+H: 202.1435). 

 

Methyl 4-(benzyl(methyl)amino)-2-methylbutanoate (4.56b) 

General procedure B was followed employing 4.52a (53.5 μL, 0.5 

mmol) and N-Benzylmethylamine (66.5 μL, 0.5 mmol). 

Purification by flash chromatography eluting with pentane/Et2O 

(3:1) afforded 4.56b (57 mg, 50%) as colorless oil.  

1H NMR (400 MHz, CDCl3) : 1.12 (d, JH,H = 7.2 Hz, 3H), 1.59 (m, 1H), 1.94 (m, 1H), 

2.17 (s, 3H), 2.37 (t, JH,H = 6.8 Hz, 2H), 2.55 (m, 1H), 3.47 (bs, 2H), 3.64 (s, 3H), 7.24-

7.31 (m, 5H, Ar). 13C NMR (100.6 MHz, CDCl3) : 17.3 (1C), 31.4 (1C), 37.5 (1C), 42.2 

(1C), 51.7 (1C), 55.0 (1C), 62.6 (1C), 112.7-148.1 (6C, Ar) 177.4 (1C). ESI-HRMS: 

Calculated for C14H21NO2. Exact: (M: 235.1572, M+H: 236.1651); Experimental: 

(M+H: 236.1647). 

 

Methyl 4-(tert-butyl piperazine-1-carboxylate)-2-methylbutanoate (4.56c) 

General procedure B was followed employing 4.52a (53.5 μL, 0.5 mmol) 

and N-Boc-piperazine (93.1 mg, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (2:1) afforded 4.56c (75.1 

mg, 50%) as colorless oil. The enantiomeric excess was determined to 

be 69 % by UPC2 analysis on a Daicel  Chiralpak  IG column with a 
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gradient 90:10 CO2/MeOH with 0.1% of diethylamine as additive, flow rate 

2mL/min, λ = 230 nm:  tr minor = 2.2 min,  tr major = 2.3 min.  

1H NMR (400 MHz, CDCl3) : 1.16 (d, JH,H = 7.2 Hz, 3H), 1.45 (s, 9H), 1.57 (m, 1H), 

1.91 (m, 1H), 2.33 (m, 6H), 2.50 (m, 1H), 3.40 (t, JH,H = 4.8 Hz, 4H), 3.66 (s, 3H). 13C 

NMR (100.6 MHz, CDCl3) : 17.3 (1C), 28.4 (3C), 30.6 (1C), 37.8 (1C), 43.0 (2C), 51.6 

(1C), 52.9 (2C), 56.2 (1C), 79.6 (1C), 154.7(1C), 176.9 (1C). ESI-HRMS: Calculated for 

C15H28N2O4. Exact: (M: 300.2049, M+H: 301.2127); Experimental: (M+H: 301.2126). 

 

Methyl 2-methyl-4-(piperidin-1-yl)butanoate (4.56d) 

General procedure B was followed employing 4.52a (53.5 μL, 0.5 mmol) 

and piperidine (49.5 μL, 0.5 mmol). Purification by flash 

chromatography eluting with Et2O afforded 4.56d (50 mg, 50%) as 

colorless oil. 

 1H NMR (400 MHz, CDCl3) : 1.15 (d, JH,H = 7.2 Hz, 3H), 1.44 (bs, 2H), 1.56 (m, 5H), 

1.90 (m, 1H), 2.25 (m, 2H), 2.34 (bs, 4H), 2.45 (m, 1H), 3.66 (s, 3H). 13C NMR (100.6 

MHz, CDCl3) : 17.2 (1C), 24.4 (1C), 25.9 (2C), 30.9 (1C), 37.9 (1C), 51.5 (1C), 54.6 

(1C), 57.0 (2C), 177.1 (1C). ESI-HRMS: Calculated for C21H21NO2. Exact: (M: 

199.1572, M+H: 200.1651); Experimental: (M+H: 200.1660).  

 

Methyl 2-methyl-4-(phenylamino)butanoate (4.56e) 

General procedure C was followed employing 4.52a (53.5 μL, 0.5 

mmol) and aniline (46 μL, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (2:1) afforded 4.56e (19 

mg, 19%) as colorless oil. The enantiomeric excess was determined to 

be 60% by UPC2 analysis on a Daicel Chiralpak IA column with a gradient 95:05 

CO2/EtOH with 0.1% of diethylamine as additive, flow rate 3mL/min, λ = 240 nm: tr 

minor = 1.2 min,  tr major = 1.1 min. 
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1H NMR (400 MHz, CDCl3) : 1.21 (d, JH,H = 7.2 Hz, 3H), 1.76 (m, 1H), 1.99 (m, 1H), 

2.61 (m, 1H), 3.16 (t, JH,H = 7.2 Hz, 2H), 3.68 (s, 3H), 6.59 (m, 2H, Ar), 6.7 (tt, JH,H = 

7.2, 1.2 Hz, 1H, Ar), 7.18 (m, 2H, Ar). 13C NMR (100.6 MHz, CDCl3) : 17.3 (1C), 33.3 

(1C), 37.4 (1C), 41.8 (1C), 51.7 (1C), 112.7-148.1 (6C, Ar), 176.9 (1C). ESI-HRMS: 

Calculated for C12H17NO2. Exact: (M: 207.1259, M+H: 208.1338); Experimental: 

(M+H: 208.1331).  

 

Ethyl 2-benzyl-4-morpholinobutanoate (4.56f) 

General procedure B was followed employing 4.52b (95 mg, 0.5 

mmol) and morpholine (44 µL, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (1:2) afforded 4.56f 

(70 mg, 48%) as colorless oil. The enantiomeric excess was 

determined to be 75 % by UPC2 analysis on a Daicel  Chiralpak  IG column with a 

gradient 95:05 CO2/Methanol with 0.1% of diethylamine as additive, flow rate 

2mL/min, λ = 210 nm:  tr minor = 4.7 min, tr major = 3.9 min. 

1H NMR (400 MHz, CDCl3) : 1.08 (t, JH,H = 7.2 Hz, 3H), 1.56 (m, 1H), 1.80 (m, 1H), 

2.27 (m, 6H),  2.65 (m, 2H), 2.87 (m, 1H), 3.59 (m, 4H), 4.0 (m, 2H), 7.08-7.22 (m, 

5H, Ar). 13C NMR (100.6 MHz, CDCl3) : 14.2 (1C), 28.5 (1C), 38.7 (1C), 45.9 (1C), 

53.7 (2C), 56.8 (1C), 60.3 (1C), 67.0 (2C), 126.4-139.4 (6C, Ar), 175.4 (1C). ESI-

HRMS: Calculated for C17H25NO3. Exact: (M: 291.1834, M+H: 292.1913); 

Experimental: (M+H: 292.1907).  

 

Ethyl 2-benzyl-4-(benzyl(methyl)amino)butanoate (4.56g) 

General procedure B was followed employing 4.52b (95 mg, 

0.5 mmol) and N-benzylmethylamine (66.5 µL, 0.5 mmol). 

Purification by flash chromatography eluting with 

pentane/Et2O (4:1) afforded 4.56g (58 mg, 37%) as colorless oil. The enantiomeric 

excess was determined to be 69 % by UPC2 analysis on a CEL2 column with a 
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gradient 98:02 CO2/Methanol with 0.1% of diethylamine as additive, flow rate 

2mL/min, λ = 210 nm:  tr minor = 5.7 min, tr major = 4.9 min. 

1H NMR (400 MHz, CDCl3) : 1.04 (t, JH,H = 7.2 Hz, 3H), 1.61 (m, 1H), 1.81 (m, 1H), 

2.05 (s, 3H),  2.29 (m, 2H), 2.68 (m, 2H), 2.84 (m, 1H), 3.36 (bs, 2H), 3.94 (q, JH,H = 

7.2 Hz, 2H), 7.07-7.23 (m, 10H, Ar). 13C NMR (100.6 MHz, CDCl3) : 14.2 (1C), 29.4 

(1C), 38.6 (1C), 42.0 (1C), 45.5 (1C), 55.0 (1C), 60.2 (1C), 62.5 (1C), 126.3-139.3 

(12C, Ar), 175.5 (1C). ESI-HRMS: Calculated for C21H27NO2. Exact: (M: 325.2042, 

M+H: 326.2120); Experimental: (M+H: 326.2116). 

 

Tert-butyl 4-(3-benzyl-4-ethoxy-4-oxobutyl)piperazine-1-carboxylate (4.56h) 

General procedure B was followed employing 4.52b (95 mg, 0.5 

mmol) and N-Boc-piperazine (94 mg, 0.5 mmol). Purification by 

flash chromatography eluting with pentane/Et2O (1:1) afforded 

4.56h (97 mg, 50%) as colorless oil. The enantiomeric excess was 

determined to be 71 % by UPC2 analysis on a Daicel  Chiralpak  IG column with a 

gradient 85:15 CO2/Methanol, flow rate 2mL/min, λ = 205 nm:  tr minor = 2.5 min, tr 

major = 2.7 min. 

1H NMR (400 MHz, CDCl3) : 1.07 (t, JH,H = 7.2 Hz, 3H), 1.38 (s, 9H), 1. 60 (m, 1H), 

1.80 (m, 1H),  2.24 (m, 6H), 2.64 (m, 2H), 2.88 (dd, JH,H = 13.2, 7.6 Hz, 1H), 3.30 (m, 

4H), 3.99 (m, 2H), 7.08-7.20 (m, 5H, Ar). 13C NMR (100.6 MHz, CDCl3) : 14.2 (1C), 

28.4 (3C), 28.7 (1C), 38.7 (1C), 45.9 (2C), 52.9 (2C), 56.4 (1C), 60.3 (1C), 79.6 (1C), 

126.4-139.1 (6C, Ar), 154.8 (1C), 175.4 (1C). ESI-HRMS: Calculated for C22H34NO2. 

Exact: (M: 390.2519, M+H: 391.2597); Experimental: (M+H: 391.2596).  

 

Ethyl 2-benzyl-4-(piperidin-1-yl)butanoate (4.56i) 

General procedure B was followed employing 4.52b (95 mg, 0.5 

mmol) and piperidine (49.5 µL, 0.5 mmol). Purification by flash 

chromatography with Al2O3 eluting with pentane/Et2O (20:1) 
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afforded 4.56i (40 mg, 28%) as colorless oil.  

1H NMR (400 MHz, CDCl3) : 1.07 (t, JH,H = 7.2 Hz, 3H), 1.33 (m, 2H), 1.47 (m, 4H),  

1.67 (m, 1H), 1.82 (m, 1H), 2.21 (m, 6H), 2.59 (m, 1H), 2.68 (dd, JH,H = 13.2, 6.8 Hz, 

1H), 2.68 (dd, JH,H = 13.6, 8.4 Hz, 1H), 3.98 (q, JH,H = 7.2 Hz, 2H), 7.08-7.21 (m, 5H, 

Ar). 13C NMR (100.6 MHz, CDCl3) : 14.2 (1C), 24.4 (1C), 25.9 (2C), 29.0 (1C), 38.7 

(1C), 46.1 (1C), 54.6 (2C), 57.1 (1C), 60.2 (1C), 126.2-139.2 (6C, Ar), 175.4 (1C). ESI-

HRMS: Calculated for C18H27NO2. Exact: (M: 289.2042, M+H: 290.2120); 

Experimental: (M+H: 290.2119). 

 

Ethyl 2-benzyl-4-(phenylamino)butanoate (4.56j) 

General procedure C was followed employing 4.52b (95 mg, 0.5 

mmol) and aniline (46.0 µL, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (4:1) afforded 4.56j 

(26 mg, 18%) as colorless oil. The enantiomeric excess was 

determined to be 66 % by UPC2 analysis on a Daicel  Chiralpak  IA column with a 

gradient 90:10 CO2/Methanol, flow rate 3mL/min, λ = 241 nm:  tr minor = 1.5 min, tr 

major = 1.7 min. 

1H NMR (400 MHz, CDCl3) : 1.14 (t, JH,H = 7.2 Hz, 3H), 1.81 (m, 1H), 1.97 (m, 1H),  

2.77 (m, 2H), 3.01 (m, 1H), 3.15 (m, 2H), 4.06 (q, JH,H = 7.2 Hz, 3H), 6.55 (d, JH,H = 8.4 

Hz, 2H, Ar), 6.67 (t, JH,H = 7.2 Hz, 1H, Ar), 7.14-7.30 (m, 7H, Ar). 13C NMR (100.6 

MHz, CDCl3) : 14.2 (1C), 31.4 (1C), 38.6 (1C), 42.0 (1C), 45.5 (1C), 60.5 (1C), 112.7-

148.0 (12C, Ar), 175.3 (1C). ESI-HRMS: Calculated for C19H23NO2. Exact: (M: 

297.1729, M+H: 298.1807); Experimental (M+H: 298.1802). 

 

Ethyl 2-isopropyl-4-morpholinobutanoate (4.56k) 

General procedure B was followed employing 4.52c (71 mg, 0.5 

mmol) and morpholine (44 μL, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (1:1) afforded 4.56k 
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(117 mg, 96%) as colorless oil. The enantiomeric excess was determined to be 84% 

by UPC2 analysis on a Daicel  Chiralpak  IG column with a gradient 95:5 

CO2/Acetonitrile with 0.1% of diethylamine as additive, flow rate 2mL/min, λ = 230 

nm: tr minor = 1.8 min, :  tr major = 1.7 min. 

1H NMR (400 MHz, CDCl3) : 0.92 (t, JH,H = 6.8 Hz, 6H), 1.26 (t, JH,H = 7.2 Hz, 3H), 

1.65 (m, 1H), 1.82 (m, 2H), 2.11 (m, 1H) 2.26 (m, 2H), 2.41 (bs, 4H), 3.68 (t, JH,H = 

4.8 Hz, 4H), 4.14 (m, 2H). 13C NMR (100.6 MHz, CDCl3) : 14.5 (1C), 20.3 (1C), 20.5 

(1C), 26.4 (1C), 30.9 (1C), 51.0 (1C), 53.9 (2C), 57.6 (1C), 60.1 (1C), 67.1 (2C), 175.6 

(1C). ESI-HRMS: Calculated for C13H25NO3. Exact: (M: 243.1834, M+H: 244.1913); 

Experimental: (M+H: 244.1907). 

 

Ethyl 4-(benzyl(methyl)amino)-2-isopropylbutanoate (4.56l) 

General procedure B was followed employing 4.52c (71 mg, 0.5 

mmol) and N-benzylmethylamine (66.5 μL, 0.5 mmol). Purification 

by flash chromatography eluting with pentane/Et2O (1:3) afforded 

4.56l (98 mg, 70%) as colorless oil. The enantiomeric excess was determined to be 

>80% by 1H NMR using Eu(hfc)3. 

1H NMR (400 MHz, CDCl3) : 0.92 (t, JH,H = 7.2 Hz, 6H), 1.23 (t, JH,H = 7.2 Hz, 3H), 

1.69 (m, 1H), 1.81 (m, 1H), 1.86 (m, 1H), 2.15 (s, 3H), 2.19 (m, 1H), 2.29 (m, 1H), 

2.37 (m, 1H), 3.40 (d, JH,H = 12.8 Hz, 1H), 3.50 (d, JH,H = 12.8 Hz, 1H), 4.09 (m, 2H), 

7.26-7.30 (m, 5H, Ar). 13C NMR (100.6 MHz, CDCl3) : 14.3 (1C), 20.1 (1C), 20.4 (1C), 

27.1 (1C), 30.7 (1C), 42.0 (1C) 50.4 (1C), 55.7 (1C), 59.9 (1C), 62.5 (1C), 126.8-139.1 

(6C, Ar), 175.5 (1C). ESI-HRMS: Calculated for C17H27NO2. Exact: (M: 277.2042, 

M+H: 278.2120); Experimental: (M+H: 278.2115). 
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Tert-butyl 4-(3-(ethoxycarbonyl)-4-methylpentyl)piperazine-1-carboxylate 

(4.56m) 

General procedure B was followed employing 4.52c (71 mg, 0.5 

mmol) and N-Boc-piperazine (93.1 mg, 0.5 mmol). Purification by 

flash chromatography eluting with pentane/Et2O (1:1) afforded  

4.56m (94 mg, 55%) as colorless oil The enantiomeric excess was 

determined to be >90% by 1H NMR using Eu(hfc)3. 

1H NMR (400 MHz, CDCl3) : 0.91 (t, JH,H = 7.2 Hz, 6H), 1.25 (t, JH,H = 7.2 Hz, 3H), 

1.44 (s, 9H), 1.63 (m, 1H), 1.83 (m, 1H), 2.12 (m, 1H), 2.23 (m, 1H), 2.30 (m, 1H), 

2.34 (bs, 4H), 3.39 (t, JH,H = 4.8 Hz, 4H), 4.13 (m, 2H). 13C NMR (100.6 MHz, CDCl3) : 

14.5 (1C), 20.2 (1C), 20.5 (1C), 26.5 (1C), 28.4 (3C), 30.7 (1C), 43.1 (1C), 43.8 (1C), 

50.9 (1C), 53.0 (2C), 57.0 (1C), 59.9 (1C), 79.5 (1C),154.7 (1C), 175.4 (1C). ESI-

HRMS: Calculated for C18H34N2O4. Exact: (M: 342.2519, M+H: 343.2597); 

Experimental: (M+H: 343.2595). 

 

Ethyl 2-isopropyl-4-(piperidin-1-yl)butanoate (4.56n) 

General procedure B was followed employing 4.52c (71 mg, 0.5 

mmol) and piperidine (49.5 μL, 0.5 mmol). Purification by flash 

chromatography eluting with Et2O afforded the 4.56n (111 mg, 92%) 

as colorless oil.  

1H NMR (400 MHz, CDCl3) : 0.92 (dd, JH,H = 8, 6.8 Hz, 6H), 1.26 (t, JH,H = 6.8 Hz, 3H), 

1.41 (m, 2H), 1.55 (m, 4H), 1.68 (m, 2H), 1.84 (m, 1H)6, 2.09 (m, 1H), 2.18 (m, 1H), 

2.30 (m, 1H), 2.34 (bs, 4H), 4.13 (m, 2H). 13C NMR (100.6 MHz, CDCl3) : 14.4 (1C), 

20.1 (1C), 20.5 (1C), 24.4 (1C), 26.0 (2C), 26.8 (1C), 30.8 (1C), 51.2 (1C), 54.7 (2C), 

57.8 (1C), 59.9 (1C), 175.6 (1C). ESI-HRMS: Calculated for C14H27NO2. Exact: (M: 

241.2042, M+H: 242.2120); Experimental: (M+H: 242.2109). 
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Ethyl 2-isopropyl-4-(phenylamino)butanoate (4.56o) 

General procedure C was followed employing 4.52c (71 mg, 0.5 

mmol) and aniline (46 μL, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (1:1) afforded 4.56o 

(68.7 mg, 55%) as colorless oil. The enantiomeric excess was 

determined to be 77% by UPC2 analysis on a Daicel Chiralpak IG column with a 

gradient 85:15 CO2/Acetonitrile with 0.1% of diethylamine as additive, flow rate 3 

mL/min, λ = 243 nm:  tr minor = 2.3 min, tr major = 1.8 min.  

1H NMR (400 MHz, CDCl3) : 0.93 (dd, JH,H = 6.6, 2.4, 6H), 1.25 (t, JH,H = 7.2 Hz, 3H), 

1.81 (m, 1H), 1.93 (m, 2H), 2.23 (m, 1H), 3.10 (m, 2H), 4.14 (m, 2H), 6.58 (m, 2H, 

Ar), 6.59 (tt, JH,H = 7.2, 1.2 Hz, 1H, Ar), 7.16 (m, 2H, Ar). 13C NMR (100.6 MHz, CDCl3) 

: 14.5 (1C), 20.2 (1C), 20.5 (1C), 29.2 (1C), 30.9 (1C), 42.7 (1C), 50.6 (1C), 60.4 (1C) 

112.8-148.2 (6C, Ar), 175.6 (1C). ESI-HRMS: Calculated for C15H23NO2. Exact: (M: 

249.1729, M+H: 250.1807); Experimental: (M+H: 250.1796).  

 

Ethyl 2-cyclopentyl-4-morpholinobutanoate (4.56p) 

General procedure B was followed employing 4.52d (84.1 mg, 0.5 

mmol) and morpholine (44 μL, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (1:1) afforded 4.56p 

(101 mg, 75%) as colorless oil. The enantiomeric excess was 

determined to be 85% by UPC2 analysis on a Daicel  Chiralpak  IG column with a 

gradient 96:4 CO2/MeOH with 0.1% of diethylamine as additive, flow rate 2 

mL/min, λ = 230 nm: tr minor = 3.7 min, tr major = 3.5 min. 

1H NMR (400 MHz, CDCl3) : 1.14 (tt, JH,H = 6.8, 2Hz, 1H), 1.22 (t, JH,H = 7.2 Hz, 1H), 

1.26 (t, JH,H = 7.2 Hz, 3H), 1.50-1.69 (m, 6H), 1.82 (m, 2H), 1.96 (m, 1H), 2.12 (m, 

1H), 2.22 (m, 1H), 2.31 (m, 1H), 2.40 (bs, 4H), 3.68 (bs, 4H), 4.13 (m, 2H). 13C NMR 

(100.6 MHz, CDCl3) : 14.5 (1C), 25.1 (1C), 28.6 (1C), 30.8 (1C), 31.0 (1C), 43.0 (1C), 

50.0 (1C), 53.9 (2C), 54.1 (1C), 57.4 (1C), 60.1 (1C), 67.1 (2C), 176.0 (1C). ESI-HRMS: 
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Calculated for C15H27NO3. Exact: (M: 269.1991, M+H: 270.2069); Experimental: 

(M+H: 270.2065).  

 

Ethyl 4-(benzyl(methyl)amino)-2-cyclopentylbutanoate (4.56q) 

General procedure B was followed employing 4.52d (84.1 mg, 0.5 

mmol) and morpholine N-benzylmethylamine (66.5 μL, 0.5 mmol). 

Purification by flash chromatography eluting with pentane/Et2O 

(1:1) afforded 4.56q (82 mg, 55%) as colorless oil.  

1H NMR (400 MHz, CDCl3) : 1.14 (m, 2H), 1.22 (t, JH,H = 7.2 Hz, 3H), 1.50-1.83 (m, 

8H), 1.97 (m, 1H), 2.14 (s, 3H), 2.25 (m, 2H), 2.39 (m, 1H), 3.41 (d, JH,H = 12.8 Hz, 

1H), 3.50 (d, JH,H = 12.8 Hz, 1H), 4.10 (m, 2H), 7.22-7.31 (m, 5H, Ar). 13C NMR (100.6 

MHz, CDCl3) : 14.4 (1C), 25.1 (2C), 29.4 (1C), 30.7 (1C), 31.0 (1C), 42.1 (1C) 43.0 

(1C), 49.5 (1C), 55.7 (1C), 60.0 (1C), 62.6 (1C), 127.0-139.3 (6C, Ar), 176.0 (1C). ESI-

HRMS: Calculated for C19H29NO3. Exact: (M: 303.2198, M+H: 304.2277); 

Experimental: (M+H: 304.2280). 

 

Tert-butyl 4-(3-cyclopentyl-4-ethoxy-4-oxobutyl)piperazine-1-carboxylate (4.56r) 

General procedure B was followed employing 4.52d (84.1 mg, 0.5 

mmol) and 1-Boc-piperazine (93.1 mg, 0.5 mmol). Purification by 

flash chromatography eluting with pentane/Et2O (4:1) afforded 

4.56r (136.4 mg, 74%) as colorless oil. The enantiomeric excess 

was determined to be 84% by UPC2 analysis on a Daicel  Chiralpak  IG column with 

a gradient 90:10 CO2/MeOH with 0.1% of diethylamine as additive, flow rate 2 

mL/min, λ = 230 nm:  tr minor = 3.2 min, tr major= 3.7 min. 

1H NMR (400 MHz, CD2Cl2) : 1.03 (m, 1H), 1.15 (t, JH,H  = 7.2 Hz, 3H), 1.15 (m, 1H), 

1.35 (s, 9H), 1.43 (m, 6H), 1.51 (m, 2H), 1.85 (m, 1H), 2.14 (m, 1H), 2.25 (m, 2H), 

2.33 (m, 4H), 2.45 (m, 1H), 3.39 (m, 4H), 4.10(m, 2H). 13C NMR (100.6 MHz, CD2Cl2) 

:14.2 (1C), 15.9 (1C), 25.0 (1C), 28.1 (3C), 28.6 (1C), 30.5 (1C), 30.8 (1C), 42.9 (2C), 

49.9 (1C), 53.0 (2C), 56.8 (1C), 60.0 (1C), 64.7 (1C), 79.7 (1C), 154.5 (1C), 175.6 
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(1C). ESI-HRMS:  Calculated for C20H37N2O4. Exact: (M: 368.2675, M+H: 369.2753); 

Experimental: (M+H: 369.2696).  

 

Ethyl 2-cyclopentyl-4-(piperidin-1-yl)butanoate (4.56s) 

General procedure B was followed employing 4.52d (84.1 mg, 0.5 

mmol) and piperidine (49.5 μL, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (1:1) afforded 4.56s 

(67 mg, 50%) as colorless oil. The enantiomeric excess was 

determined to be 84% by UPC2 analysis on a Daicel  Chiralpak  IC column with a 

gradient 90:10 CO2/EtOH, with 0.1% of diethylamine as additive, flow rate 2 

mL/min, λ = 230 nm:  tr minor = 3.5 min, tr major = 3.8 min. 

1H NMR (400 MHz, CDCl3) : 1.15 (m, 2H), 1.24 (m, 1H), 1.25 (t, JH,H  = 7.2 Hz, 3H), 

1.43 (bs, 2H), 1.51 (m, 2H), 1.60 (bs, 7H), 1.84 (m, 3H), 1.96 (m, 1H), 2.13 (td, JH,H = 

10, 3.6 Hz, 1H), 2.24 (m, 1H), 2.40 (bs, 4H), 4.13 (m, 2H). 13C NMR (100.6 MHz, 

CDCl3) :14.5 (1C), 24.5 (1C), 25.1 (1C), 25.9 (2C), 28.8 (1C), 30.8 (1C), 30.9 (1C) 

43.0 (2C), 50.1 (1C), 54.7 (2C), 57.6 (1C), 60.0 (1C), 175.8 (1C). ESI-HRMS: 

Calculated for C16H29NO2. Exact: (M: 267.2198, M+H: 268.2277); Experimental: 

(M+H: 268.2285).   

 

Ethyl 2-cyclopentyl-4-(piperidin-1-yl) butanoate (4.56t) 

General procedure C was followed employing 4.52d (84.1 mg, 0.5 

mmol) and aniline (46.0 μL, 0.5 mmol). Purification by flash 

chromatography eluting with pentane/Et2O (1:1) afforded 4.56t 

(68.9 mg, 50%) as colorless oil. The enantiomeric excess was 

determined to be 84% by UPC2 analysis on a Daicel  Chiralpak  IG column with a 

gradient 80:20 CO2/MeOH, with 0.1% of diethylamine as additive, flow rate 3 

mL/min, λ = 243 nm:  tr minor = 3.4 min, tr major = 2.8 min. 

1H NMR (400 MHz, CDCl3) : 1.11 (m, 1H), 1.20 (m, 1H), 1.24 (t, JH,H = 7.2 Hz, 3H), 

1.56 (m, 6H), 1.84 (m, 3H), 2.01 (m, 1H), 2.26 (m, 1H), 3.11 (m, 2H), 4.14 (q, JH,H = 
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7.2 Hz, 2H), 6.59 (m, 2H, Ar), 6.69 (t, JH,H = 7.6 Hz, 1H, Ar), 7.16 (m, 2H, Ar). 13C 

NMR (100.6 MHz, CDCl3) :14.3 (1C), 25.0 (2C), 30.7 (1C), 30.8 (1C), 31.2 (1C), 42.4 

(1C), 42.8 (1C), 49.5 (1C), 60.3 (1C), 112.8-148.1 (6C, Ar), 175.9 (1C). ESI-HRMS: 

Calculated for C17H25NO2. Exact: (M: 275.1885, M+H: 276.1964); Experimental: 

(M+H: 276.1962).   

4.5.4. Reduction of α-alkyl-γ-aminobutyric esters  

General procedure D: reduction of α-alkyl-γ-aminobutyric esters 4.56 into the 

corresponding aminoalcohols 4.81 

 

Diisobutylaluminum hydride (DIBAL) solution 1.0 M in DCM (2.5 eq) was added 

dropwise to a solution of the corresponding amino ester 4.56 (1 eq) in CH2Cl2 (2.0 

mL) at -40°C. The reaction was left stirring at -40oC for 1h, then allowed to reach 

room temperature and left stirring overnight. The reaction was quenched by 

addition of NH4Cl sat. solution (2 mL) at 0°C and the mixture was left stirring for 

2h.  Then, the aqueous phase was extracted with CH2Cl2 (3 x 2 mL), the organic 

phases were dried with MgSO4, filtrated and concentrated under vacuum. The 

residue was finally purified by chromatographic column using Al2O3 to afford the 

corresponding 4.81. 

 

4-(benzyl(methyl)amino)-2-methylbutan-1-ol (4.81a) 

General procedure D was followed employing 4.56c (31 mg, 0.13 

mmol) and DIBAL (325 µL, 0.33 mmol). Purification by flash 

chromatography eluting with CH2Cl2 and 1% of MeOH afforded 4.81a 

(26 mg, 95 %) as colorless oil. The enantiomeric excess was determined to be 62% 
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by HPLC analysis on a Chiralpack IG column with a gradient 95:05 CO2/MeOH, with 

0.1% of diethylamine as additive, flow rate 2 mL/min, λ = 210 nm: tr minor = 7.4 min, 

tr major = 7.7 min. 

1H NMR (400 MHz, CDCl3) : 0.86 (d, JH,H = 6.8 Hz, 3H), 1.55 (m, 1H), 1.64 (m, 1H), 

1.75 (m, 1H), 2.13 (s, 3H), 2.43 (m, 1H), 2.52 (m, 1H), 3.29 (dd, JH,H = 11.4, 8.4 Hz, 

1H), 3.47 (d, JH,H = 12.4 Hz, 1H), 3.51 (dd, JH,H = 11.6, 1.2 Hz, 2H), 3.56 (d, JH,H = 12.4 

Hz, 1H), 7.27 (m, 5H, Ar). 13C NMR (100.6 MHz, CDCl3) : 18.3 (1C), 34.0 (1C), 36.9 

(1C), 41.1 (1C), 56.5 (1C), 62.7 (1C), 68.7 (1C), 127.5-137.4 (6C, Ar). ESI-HRMS: 

Calculated for C13H22NO. Exact: (M: 207.1623, M+H: 208.1701); Experimental: 

(M+H: 208.1698). 

 

2-methyl-4-(piperidin-1-yl) butan-1-ol (4.81b) 

General procedure D was followed employing 4.56d (59.8 mg, 0.3 mmol) 

and DIBAL (750 µL, 0.75 mmol). Purification by flash chromatography 

eluting with CH2Cl2 and 1% of MeOH afforded 4.81b (15 mg, 30 %) as 

colorless oil. 

1H NMR (400 MHz, CDCl3) : 0.81 (d, JH,H = 7.2 Hz, 3H), 1.33-1.57 (m, 10H), 1.69 (m, 

1H), 2.30 (m, 4H), 2.47 (bs, 1H), 3.18 (dd, JH,H = 11.2, 8.8 Hz, 1H), 3.43 (dd, JH,H = 

10.4, 3.6 Hz, 1H). 13C NMR (100.6 MHz, CDCl3) : 18.3 (1C), 24.4 (1C), 25.5 (2C), 

33.6 (1C), 37.3 (1C), 54.3 (1C), 57.5 (2C), 68.6 (1C). ESI-HRMS: Calculated for 

C10H22NO. Exact: (M: 171.1623, M+H: 172.1701); Experimental: (M+H: 172.1697). 

 

2-isopropyl-4-(piperidin-1-yl) butan-1-ol (4.81c) 

General procedure D was followed employing 4.56n (73 mg, 0.31 

mmol) and DIBAL (780 µL, 0.78 mmol). Purification by flash 

chromatography eluting with CH2Cl2 and 1% of MeOH afforded 4.81c 

(33 mg, 53 %) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 0.88 (t, JH,H = 6.8 Hz, 6 H), 1.49 (m, 2H), 1.66 (m, 4H), 

1.82 (q, JH,H = 6.4 Hz, 2H), 191 (bs, 4H), 2.90 (bs, 4H), 3.52 (dd, JH,H = 11.2, 8.4 Hz, 1 
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H), 3.71 (dd, JH,H = 11.2, 3.6 Hz, 1H). 13C NMR (100.6 MHz, CDCl3) : 19.6 (1C), 19.9 

(1C), 23.3 (2C), 24.2 (1C), 26.4 (1C), 29.8 (1C), 46.6 (1C), 53.8 (1C), 57.3 (2C), 64.6 

(1C). ESI-HRMS: Calculated for C12H26NO. Exact: (M: 199.1936, M+H: 200.2014); 

Experimental: (M+H: 200.2013). 

 

4-(benzyl(methyl)amino)-2-cyclopentylbutan-1-ol (4.81d) 

General procedure D was followed employing 4.56q (91 mg, 0.3 

mmol) and DIBAL (750 µL, 0.75 mmol). Purification by flash 

chromatography eluting with CH2Cl2 and 1% of MeOH afforded 

4.81d (33 mg, 55 %) as colorless oil. The enantiomeric excess was determined to 

be 48% by UPC2 analysis on a Daicel  Chiralpak  IG column with a gradient 90:10 

CO2/MeOH with 0.1% of diethylamine as additive, flow rate 2 mL/min, λ = 210 nm: 

tr minor = 5.0 min, tr major = 5.6 min. 

1H NMR (400 MHz, CDCl3) : 1.10 (m, 2H), 1.40-1.50 (m, 10H), 2.15 (s, 3H), 2.44 (m, 

1H), 2.55 (m, 1H), 3.44 (dd, JH,H = 11.6, 7.6 Hz, 1H), 3.52 (d, JH,H = 12.8 Hz, 1H), 3.56 

(d, JH,H = 12.8 Hz, 1H), 3.64 (dd, JH,H = 11.6, 2.4 Hz, 1H), 7.26-7.35 (m, 5H, Ar). 13C 

NMR (100.6 MHz, CDCl3) : 25.1 (1C), 25.3 (1C), 30.5 (1C), 30.9 (1C), 31.0 (1C), 41.1 

(1C), 41.4 (1C), 47.4 (1C), 56.0 (1C), 62.7 (1C), 66.0 (1C), 127.5-131.2 (6C, Ar). ESI-

HRMS: Calculated for C17H27NO. Exact: (M: 261.2093, M+H: 262.2171); 

Experimental: (M+H: 262.2179). 

4.5.5. Synthesis of Rhodium complexes 4.63, 4.64 and 4.65 

[Rh(COD)(4.54)]BF4 (4.63) 

Bis(1,5-cyclooctadiene)rhodium(I) tetrafluoroborate (40 mg, 0.1 

mmol) was dissolved in anhydrous dichloromethane (5 mL) and 

cooled to -20oC. Then, (R,R)-QuinoxP* 4.54 (33.4 mg, 0.1 mmol) in anhydrous 

dichloromethane (5 mL) was added dropwise for 30 min. The reaction was left 

stirring at -20oC for 1h and then left stirring at room temperature for another 1h. 

After that, the crude was concentrated under vacuum, and the complex was 
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precipitated with anhydrous diethyl ether at 0°C. The precipitated was filtrated, 

and washed with anhydrous hexane to afford the desired complex 4.63 (49 mg, 78 

%) as orange solid. 

1H NMR (400 MHz, CD2Cl2) : 1.10 (d, JP,H = 15.2 Hz, 18H), 1.86 (d, JP,H = 8.0 Hz, 6H), 

2.23 (m, 4H), 2.56 (m, 2H), 2.67 (m, 2H), 5.03 (m, 2H), 6.12 (m, 2H), 7.99 (dd, JH,H = 

6.4, 3.2 Hz, 2H, Ar), 8.29 (dd, JH,H = 6.4, 3.2 Hz, 2H, Ar). 13C NMR (100.6 MHz, 

CD2Cl2) : 4.0 (t, JP,C = 10.3 Hz, 2C), 26.2 (2C), 28.4 (6C), 35.8  (2C), 38.4 (t, JP,C = 12.8 

Hz, 2C), 92.4 (m, 2C), 107.2 (dt, JRh,C = 7.8 Hz, JP,C = 2.2 Hz,  2C), 130.2-142.8 (6C, Ar), 

154.4 (td, JP,C = 53.3 Hz, JRh,C = 2.4 Hz, 2C, Ar). 31P NMR (161.97 MHz, CD2Cl2) : 41.6 

(d, JRh,P = 148.2 Hz, 2P). ESI-HRMS: Calculated for C26H40N2P2Rh. Exact: (M+: 

545.1716); Experimental: (M+: 545.1715).  

 

[Rh(4.54)2]BF4 (4.64) 

 Bis(1,5-cyclooctadiene)rhodium(I) tetrafluoroborate (40 mg, 0.1 

mmol) was dissolved in anhydrous CH2Cl2 (2 mL). Then, (R,R)-

QuinoxP* 4.54 (100 mg, 0.3 mmol) in anhydrous dichloromethane (2 mL) was 

added dropwise, and the reaction was left stirring for 1h. After that, the crude was 

concentrated under vacuum, and the complex was precipitated with anhydrous 

diethyl ether at 0°C. The precipitated was filtrated, and washed with anhydrous 

hexane to afford the desired complex 4.64 (73 mg, 85 %) as orange solid. 

1H NMR (400 MHz, CD2Cl2) : 1.07 (t, JP,H = 7.2 Hz, 36H), 2.23 (s, 12H), 7.99 (dd, JH,H 

= 6.4, 3.2 Hz, 4H, Ar), 8.32 (dd, JH,H = 6.4, 3.2 Hz, 4H, Ar). 13C NMR (100.6 MHz, 

CD2Cl2) : 9.5 (t, JP,C = 6.9 Hz, 4C), 28.4 (12C), 38.3 (t, JP,C = 6.4 Hz, 4C), 130.0-142.5 

(12C, Ar), 155.8 (td, JP,C = 26.8 Hz, JRh,C = 1.4 Hz, 4C, Ar). 31P NMR (161.97 MHz, 

CD2Cl2) : 38.9 (d, JRh,P = 130.4 Hz, 2P). ESI-HRMS: Calculated for C36H56N4P4Rh+. 

Exact: (M+: 771.2505); Experimental: (M+: 771.2539).  
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[Rh(4.54)(CO)2]BF4 (4.65) 

Complex [Rh(COD)(4.54)]BF4 4.63 (20 mg, 0.035 mmol) was 

dissolved in anhydrous CH2Cl2 (5 mL). Then, CO was bubbled into 

the previous solution for 1h. After that, the solvent was evaporated under vacuum, 

and the residue was washed with Et2O (3 x 1 mL) to afford the desired complex 

4.65 (20 mg, 97 %) as yellow solid. 

1H NMR (400 MHz, CD2Cl2) : 1.24 (d, JP,H = 17.2 Hz, 18H), 2.13 (dd, JP,H = 10.0 Hz, 

JRh,H = 1.2 Hz, 6H), 8.12 (dd, JH,H = 6.4, 3.6 Hz, 2H, Ar), 8.38 (dd, JH,H = 6.4, 3.6 Hz, 2H, 

Ar). 13C NMR (100.6 MHz, CD2Cl2) : 7.5 (t, JP,C = 13.5 Hz, 2C), 27.8 (6C), 36.5 (t, JP,C 

= 13.8 Hz, 2C) , 130.0-142.7 (6C, Ar), 152.3 (td, JP,C = 57.8 Hz, JRh,C = 2.6 Hz, 2C, Ar), 

184.6 (m, 2C, CO). 31P NMR (161.97 MHz, CD2Cl2) : 47.2 (d, JRh,P = 114.7 Hz, 2P). IR 

(neat): ѵ (CO) = 2097, 2051 cm-1 

4.5.6. In situ HP-NMR experiments 

In a typical experiment, a sapphire tube (Ø = 5 mm) was filled under nitrogen 

atmosphere with a solution of the rhodium precursor, and a solution of (R,R)-

QuinoxP* 4.54 in a ratio Rh/L = 1:1.2 in a total volume of 0.4 mL. The HP-NMR tube 

was purged with vacuum/CO, pressurized to the appropriate pressure of H2/CO, 

heated if required, and left shaking. After that, the solution was analyzed by NMR 

spectroscopy, and finally the solution was analyzed by IR and GC-MS after 

depressurizing if required. 

4.5.7. Synthesis of [RhH(CO)2(L)] complexe 4.61  

[RhH(CO)2(4.54)] 4.61 

A solution of [Rh(acac)(CO)2] (3.9 mg, 0.015 

mmol) and (R,R)-QuinoxP* ligand 4.54 (6 mg, 

0.018 mmol) in tol-d8 (0.4 mL) was 

introduced in the HP-NMR tube under inert 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Rhodium catalyzed asymmetric HAM of α-alkyl acrylates 

 

179 

atmosphere. After that, the HP-NMR tube was then pressurized at 10 bar (H2/CO, 

4:1) and left shaking for 96h at room temperature.  

1H NMR (400 MHz, C6D5CD3) : - 8.5 (td, JRh,H = 10.4 Hz, JP,H = 57.6 Hz), 1.05 (m, 

18H), 1.79 (bs, 6H), 7.3 (m, 2H), 7.9 (m, 2H). 13C NMR (100.6 MHz, C6D5CD3) : 14.9 

(2C), 28.0 (6C), 31.9 (t, JP,C = 9.4 Hz, 2C) , 129.9-141.2 (6C, Ar), 162.5 (t, JP,C = 47.9 

Hz, 2C, Ar), 199.1 (dt, JP,C = 10.8 Hz, JRh,C = 68.8 Hz, 2C, CO). 31P NMR (161.97 MHz, 

C6D5CD3) : 51.6 (d, JRh,P = 114.7 Hz). 
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Chapter 5                                 

Synthesis of β2,2-amino esters via Rh-
catalyzed regioselective HAM 
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5.1 Introduction 

5.1.1. Rh-catalyzed regioselective hydroformylation for the production of 

quaternary carbon 

The selective hydroformylation of disubstituted olefins is a challenging process for 

two main reasons: the difficulty to control the regioselectivity, and the inherent 

low reactivity of these olefins.1 While the hydroformylation of 1,2-disubstituted 

olefins has been explored in more details, the transformation of 1,1-disubstituted 

alkenes remains  less studied. In the regioselective hydroformylation of 1,1-

disubstituted olefins, the linear product is the preferential product (Scheme 5.1). 

Indeed, the branched product is disfavored according to Keueleman’s rule, which 

states that “in hydroformylation, formyl groups are not produced at quaternary 

centers”.2 However, the formation of quaternary carbons is of great importance 

due to its presence in a large number of natural products and biologically active 

molecules (Scheme 5.1).3 Moreover, the formation of a quaternary carbon center 

with an adjacent aldehyde group offers the possibility to further functionalize the 

molecule. 

In this reaction, the formation of quaternary carbons is possible under the 

appropriate reaction conditions. 

The selectivity to the branched product depends on 3 factors (Scheme 5.1):  

1) Substrate substituents: if R1 and/or R2 are electron-withdrawing (EWG), 

the branched product can be favored, while if they are alkyl groups, the 

linear product will be preferentially produced. Moreover, if the R groups 

contain a directing group, the branched hydroformylation can be 

facilitated.4 

2) Reaction conditions: when high pressures and low temperatures are used, 

the formation of the branched product is favored.5 
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3) Catalyst: the structure of the catalytic system is also crucial and bidentate 

ligands bearing large bite angles favor the formation of the linear product.6 

 

Scheme 5.1: General scheme of the Rh-catalyzed hydroformylation of 1,1-disubstituted 

olefins. 

In this context, Pinna et al. reported the asymmetric hydroformylation of methyl-

N-acetamidoacrylate 5.1 using HRhCO(PPh3)3 5.2 as rhodium precursor and (-)-

DIOP 5.3 as chiral ligand (Scheme 5.2).7 Although moderate enantioselectivities 

were afforded (up to 59%), excellent regioselectivities towards the branched 

product were obtained. The presence of two electron-withdrawing groups favors 

the hydroformylation at the internal position. 

 

Scheme 5.2: Rh-catalyzed AHF of 5.1 using rhodium complex 5.2 and ligand 5.3. 

Later, Paganelli and co-workers reported the regioselective hydroformylation of 

vinylpyridines 5.5 using complex 5.2 (Scheme 5.3).8 The presence of an arene such 

as pyridine combined with the directing assessment of the nitrogen atom 

facilitated the formation of the quaternary center. The influence of the steric 

hindrance was also observed since the vinylpyridines 5.5b containing a tert-butyl 

substituent did not react. Although the results in terms of regioselectivity are 
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excellent, the use of none or minimally modified catalyst usually requires harsh 

reaction conditions.  

 

Scheme 5.3: Rh-catalyzed hydformylation of 5.5 using complex 5.2. 

Leighton et al. reported the regioselective hydroformylation of the allylic ethers 

5.7 containing a phosphorus moiety in the backbone (Scheme 5.4).9 The presence 

of the phosphorus resulted in the reaction taking place at the internal position, 

and although most of the substrates are monosubstituted olefins, there is one 

example containing a 1,1-disubstituted olefin with excellent regioselectivity.  

 

Scheme 5.4: Rh-catalyzed hydroformylation of 5.7 using a phosphorus moiety as directing group. 

Promising results were obtained by Clarke and co-workers in the Rh-catalyzed 

regioselective hydroformylation of α-alkyl acrylates 5.9 using the bulky phosphite 

5.10 (Scheme 5.5).10 The presence of the ester group favors the formation of the 

iso product; however when alkyl substituents were used, moderate regioselectivity 
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was afforded (up to 63%). In contrast, the phenyl group favored the 

regioselectivity up to 93% at the internal position. The effect of the reaction 

parameters on the regioselectivity was clear in this case, since an increase of the 

temperature and reduction of the total pressure led to an inversion of the 

regioselectivity. 

 

Scheme 5.5: Rh-catalyzed regioselective hydroformylation of 5.9 using bulky phosphite 5.10. 

Later, the same group reported the regioselective hydroformylation of α-

susbtituted acrylates 5.9 using the monodentate phosphine ligand 5.12 with 

excellent regioselectivities (Scheme 5.6).11 

 

Scheme 5.6: Rh-catalyzed regioselective hydroformylation of 5.9 using ligand 5.12. 

The isomerization into more stable trisubstituted olefins was observed in the 

hydroformylation of long carbon chain acrylates such as 5.9c. Nonetheless, the 

catalytic system used was able to hydroformylate trisubstituted olefins and 

maintain the regioselectivity to the branched product. 
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Later, Buchwald and co-workers reported the asymmetric hydroformylation of 

3,3,3-trifluoroprop-1-en-2-yl acetate 5.13 using the (R,R)-QuinoxP* ligand 5.14 and 

the (R,R,S,S)-DuanPhos ligand 5.15 (Scheme 5.7).12 This constituted the first 

example of successful asymmetric hydroformylation of 1,1-disubstituted olefins 

with high yields  for the branched product (up to 80%) and excellent 

enantioselectivity (up to 92%).  

 

Scheme 5.7: Rh-catalyzed asymmetric hydroformylation of 5.13 using ligands 5.14 and 5.15. 

Interestingly, the reaction was carried out at high temperatures (80-100°C) and 

relatively low pressures (10-31 bar). It was demonstrated that this preference was 

due to the highly electron-withdrawing trifluoromethyl group. When the 

trifluoromethyl group was replaced for a methyl group, the regioselectivity was in 

favor of the linear aldehyde under the same reaction conditions. Increasing the 

temperature resulted in the production of more linear aldehyde and alkene 

hydrogenation product, while increasing the total pressure favored the formation 

of the branched product.  

Recently, Landis et al. reported the AHF of 1,1-disubstituted alkenes and 

attempted the AHF of 1,1,2-trisubstituted olefins for the branched product using 

(S,S,S)-BDP ligand 5.17 and (S,S)-Ph-BPE ligand 5.18 (Scheme 5.8).13 Up to 97% 

yield for the branched aldehyde and up to 95% ee were obtained in the case of 

α,β-unsaturated enol esters 5.13 and α-substituted acrylates 5.9 (Scheme 5.8). In 

most of the cases, a temperature of 60°C was required to afford a good 

compromise between yield, regioselectivity and enantioselectivity. The CO partial 
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pressure was also crucial to obtain good regioselectivities towards the branched 

aldehydes, and finally 10.3 bar (H2/CO, 1:2) were used. 

 

Scheme 5.8: Rh-catalyzed asymmetric hydroformylation of α,β-unsaturated enol esters 5.13 and 

esters 5.9 using ligands 5.17 and 5.18. 

In the same report, the AHF of 1,1,2-trisubstituted olefins was attempted with 

unsuccessful results in terms of yield for the branched product (up to 7%), and no 

enantiomeric excess was afforded.  

Despite the successful results recently reported, the regioselective 

hydroformylation of 1,1-disubstituted alkenes for the production of quaternary 

centers remains a challenging reaction to date. Moreover, the asymmetric version 

to produce tetrasubstituted stereogenic centers is underdeveloped. 

5.1.2. Rhodium catalyzed hydroaminovinylation of acrylates 

The hydroformylation of acrylates has been largely studied, since the 

corresponding aldehyde is used as starting material for the synthesis of the 

versatile enantiopure building block methyl-3-hydroxy-2-methyl propionate 5.19,14 
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or β-amino acids 5.20 (Scheme 5.9).15 In the particular case of β-amino acids, the 

introduction of an amine in the reaction media provides the corresponding imine 

or enamine via condensation with the aldehyde. Subsequent reduction of the 

imine or enamine would provide the β-amino ester 5.21. Finally, the hydrolysis of 

the ester would provide β-amino acids 5.20 (Scheme 5.9). 

 

Scheme 5.9: Rh-catalyzed hydroformylation of 5.9 followed by functionalization of 5.11 into 

molecules of interest. 

Despite that the rhodium catalyzed hydroaminomethylation has been studied for 

the synthesis of a large number of nitrogen containing molecules (Chapter 1), to 

the best of our knowledge, the rhodium catalyzed regioselective HAM of acrylates 

for the production of β-amino ester 5.21 has not been successfully reported in an 

auto tandem process. Indeed, Clarke and co-workers attempted the Rh-catalyzed 

hydroaminomethylation of methyl methacrylate 5.9d with benzyl amine 5.22a 

after developing a successful Rh-catalyzed hydroformylation system to obtain the 

branched aldehyde 5.11d.11 However, an extra step using an iridium catalyst with 

dppf ligand 5.23 was necessary to reduce the corresponding imine 5.24a produced 

via the Rh-catalyzed hydroformylation of methyl methacrylate 5.9d in the 

presence of benzyl amine 5.22a in an orthogonal tandem process (Scheme 5.10). 
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Scheme 5.10: Rh-catalyzed hydroaminovinylation of 5.9a with 5.22a followed by reduction of 5.24a 

into 5.21a. 

The same group later reported the formation of various enamines 5.25 in poor to 

good yields via the rhodium catalyzed hydroaminovinylation of methyl acrylate 

5.9j using the ligand 5.12 (Scheme 5.11). Through this study, it was observed that 

depending on the amine, the Michael products 5.26 can be generated as non-

desired reaction products (up to >99%).  

 

Scheme 5.11: Rh-catalyed hydroaminovinylation of methyl acrylate 5.9j with amines 5.22 using 

ligand 5.12. 

The system maintains the selectivity for the branched product. Nevertheless, it 

was not possible to hydrogenate the enamine 5.25, even at high pressures (up to 
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60 bar), which proves how challenging is the development of a system able to 

hydroformylate the alkene and hydrogenate the corresponding imine or enamine 

in the Rh-catalyzed hydroaminomethylation reaction. 

According to Clarke and co-workers, the enantioselective hydroformylation of α,β-

unsaturated esters is very complex due to the rapid enol equilibrium of the formyl 

ester product. In this context, the same group reported the asymmetric 

hydroformylation of α,β-unsaturated amides 5.27  using the ligand BDP 5.17 since 

the corresponding product of hydroformylation does not suffer from this 

equilibrium, and are interesting precursors for the synthesis of β-amino acids, 

hydroxyl esters, or γ-aminoalcohols (Scheme 5.12).16 

 

Scheme 5.12: Rh-catalyzed asymmetric hydroformylation and hydroaminovinylation of 5.27 using 

ligands 5.17 and 5.29. 

The aldehyde 5.28 was produced in excellent yield, and good to high 

enantioselectivity (up to 82%). With an efficient system for the production of chiral 

aldehydes 5.28 in hand, the asymmetric hydroaminomethylation reaction was 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Chapter 5 

 

194 
 

attempted in order to create chiral amines. However, only the chiral imine 5.30a 

was obtained using the BDP ligand 5.29 (Scheme 5.12). Moreover, it was observed 

that the imine-enamine equilibrium affects the enantioselectivity over time. 

5.1.3. β-amino acids 

The β-amino acids are incorporated into secondary metabolites in bacteria, plants, 

fungi and cyanobacteria, and have potential biological and physical activities.17 

Moreover, they are precursors for the synthesis of β-lactams, which are important 

class of antibiotics.18 In this context, over the last years, significant efforts have 

been devoted to the synthesis of these building blocks as pharmaceutical 

intermediates and peptidomedics.15 Most of these approaches are based on 

asymmetric hydrogenation19, Mannich reaction20 or conjugated additions21.  

As mentioned before, various molecules possessing quaternary carbon centers 

display biological activity, and the case of β2,2-amino acids is one example. The β2,2-

amino acids and derivatives contain a quaternary carbon center at the α-position 

to the carbonyl. Molecules such as HY-2901 5.31 and H1/5-HT2A 5.32 antagonist are 

potential sleeping disorder drugs for the insomnia treatment (Figure 5.1).22  

 

Figure 5.1: Two examples of β
2,2

-amino acid molecules with biological activity. 

The high steric hindrance at the α-position to the carbonyl is one of the issues to 

overcome in order to access β2,2-amino acid and derivatives. In view of the interest 

for these target molecules, various strategies have been reported for their 

synthesis.  
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For instance, Bélanger and co-workers developed a system based on the 

Vilsmeier−Haack reaction and obtained a wide number of amino esters 5.21 in 

moderate to excellent yields (Scheme 5.13).23 Nevertheless, the reaction requires 

the use of amides 5.33, silyl enol ethers 5.34 that have to be previously 

synthesized, sacrificial reagents such as triflic anhydride, and three other steps. 

Moreover, to produce N-monosubstituted amino esters, an extra deprotection 

step is required (Scheme 5.13). 

 

Scheme 5.13: Synthesis of β
2,2

-amino esters via Vilsmeier-Haack strategy. 

Other groups accessed this scaffold via metal catalyzed C-H activation. Yu et. al. 

reported an elegant strategy based on Pd-catalyzed C(sp3)-H amination to access 

β2,2-amino amides 5.35 (Scheme 5.14).24 The system afforded a broad scope of 

amides 5.35 in moderate to high yields (up to 77%) with a variety of R1 and R2 

substituents at the α-position of the carbonyl group. Nevertheless, the system 

required high catalyst loadings (up to 5%), the use of benzoyl protected secondary 

amines 5.36, high temperatures (up to 120°C), and Cs2CO3 as base.  
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Scheme 5.14: Pd-catalyzed C-H amination process used for the synthesis of β
2,2

-amino amides 5.35. 

Later, Qin et al. used a similar system based on Cu-catalyzed C-H amination of 

amides 5.39 to access β2,2-amino amides 5.35 in poor to high yield (Scheme 5.15).25  

 

Scheme 5.15: Synthesis of β
2,2

-amino acid derivatives via metal catalyzed C-H amination. 

The system allowed the use of unprotected secondary amines 5.22, although an 

excess was required. Furthermore, a directing group at the amide 5.39 was 

necessary to address the reaction at the desired α-position. Oxygen was used to 

oxidize CuI to CuII in the catalytic cycle. To demonstrate the applicability of the 

system, the β2,2-amino amide 5.35a was synthesized in 63% yield using this 

methodology followed by amide hydrolysis to afford HY-2901  5.31. 
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In this context, the development of efficient synthetic methods for β-amino acids 

and derivatives via metal catalyzed processes using readily available reagents 

without using sacrificial reagents is of high interest. As such, the rhodium catalyzed 

hydroaminomethylation of α-alkyl acrylates at the internal position is an elegant 

strategy that provides access to this scaffold via a tandem catalytic process.  

5.2 Objectives of this chapter 

This chapter deals with the development of an efficient catalytic system for the 

synthesis of β2,2-amino acid or derivatives. 

 

The specific objectives of this chapter are: 

 

 The screening of phosphorus ligands for the regioselective 

hydroaminomethylation of methyl methacrylate 5.9d to afford the 

branched product. 

 The synthesis of β2,2-amino esters 5.21 via rhodium catalysed 

hydroaminomethylation of methyl methacrylate 5.9d with secondary 

amines. 

 The synthesis of β2,2-amino esters 5.21 via rhodium catalysed 

hydroaminomethylation of methyl methacrylate 5.9d with aniline and 

derivatives. 

 The synthesis of β2,2-amino esters 5.21 via rhodium catalysed 

hydroaminomethylation of methyl methacrylate 5.9d with primary alkyl 

amines. 

 The test of various chiral phosphorus ligands for the synthesis of chiral β2,2-

amino esters 5.21 via rhodium catalysed asymmetric 

hydroaminomethylation of α-alkyl acrylates 5.9. 
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5.3  Results and discussion 

5.3.1 Optimization of the reaction conditions for the regioselective HAM 

of methyl methacrylate 

To conduct the rhodium catalyzed regioselective HAM of  α-alkyl acrylates 5.9 with 

the amines 5.22, a brief screening of phosphorus ligands was carried out using 

methyl methacrylate 5.9d as substrate in the presence of morpholine 5.22b under 

20 bar of syngas (H2/CO, 4:1), in toluene, at 90°C, for 16h (Table 5.1).  

Screening of phosphorus ligands 

Using the dppf ligand 5.23, 88% conversion of the alkene was obtained. Good 

yields for the branched aldehyde 5.11d (65%) was achieved, along with 23% of the 

linear enamine 5.40a (entry 1, Table 5.1). The alkene hydrogenation product 5.41a 

was not detected, nor was the linear aldehyde 5.42a, and the linear amino ester 

5.43a under these conditions. When the Xantphos ligand 5.44 was applied, the 

linear enamine 5.40a was afforded in 46% yield, the alkene hydrogenation product 

5.41a in 26%, and the branched aldehyde 5.11d in 2% (entry 2, Table 5.1). Next, 

monodentate phosphines were tested (entries 3-6, Table 5.1). The use of 

monodentate phosphine 5.45 provided low conversion (33%) and full 

chemoselectivity towards the hydrogenation of the alkene (entry 3, Table 5.1). 

Interestingly, the monodentate phosphine 5.46 bearing two tertbutyl groups 

provided full conversion, the linear amine 5.43a in high yield (75%), and the 

hydrogenated alkene 5.41a in 25% yield (entry 4, Table 5.1).  

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Synthesis of β2,2-amino esters via Rh-catalyzed regioselective HAM  

 

 199 

Table 5.1: Screening of phosphorus ligands for the regioselective HAM of 5.9a with 5.22b. 

 

Entry
a
 L Conv. (%)

b 
5.41a

a 
5.42a

b
 5.11d

b
 5.40a

b 
5.43a

b 

1 

 

88 - - 65 23 - 

2 

 

83 26 9 2 46 - 

3
 

  

33 33 - - - - 

4
 

 

>99 25 - - - 75 

5
 

 

80 49 4 8 19 - 

6
 

 

>99 9 - 82 - 9 

a 
Reaction conditions: 5.9d (0.5 mmol), 5.22b (0.5 mmol), [Rh(acac)(CO)2] (1 mol%), L = bidentate 

(1.2 mol %), L = monodentate (2.0 mol %), P = 20 bar (H2/CO, 4:1), toluene (0.4 m), T = 90°C, t = 16 

h. 
b
 % conversion and yields determined by 

1
H NMR using naphthalene as internal standard.  

When the ligand 5.47 was applied, the alkene was hydrogenated in 49% yield and 

the hydroformylation products were obtained in poor yield (entry 5, Table 5.1). 

Finally, the use of diphenylmethyl phosphine ligand 5.48 afforded full conversion, 
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and high regioselectivity towards the branched aldehyde 5.11d (82%), and the 

hydrogenated alkene 5.41a and linear amine 5.43a only in poor yield (9%) (entry 6, 

Table 5.1). Despite the high regioselectivity obtained towards the branched 

aldehyde 5.11d using ligand 5.48, no traces of the β2,2-amino ester 5.21b were 

detected in any case. 

If the hydroformylation takes place at internal position of the alkene, the branched 

aldehyde 5.11d is generated (Scheme 5.16). Then, the condensation of the 

secondary amine 5.22b takes place to produce the iminium cation 5.49a, which is 

expected to be highly reactive, and water as byproduct.  Thus, if the water 

generated is not removed from the media, it will react with the iminium 5.49a to 

provide the branched aldehyde 5.11d again. Therefore, it is necessary to remove 

the water during the reaction. At this point, an optimization was carried out in 

order to promote the formation of β2,2-amino ester 5.21b.  

Effect of the molecular sieve and catalyst loading 

First, the pressure was regulated to 10 bar (H2/CO, 1:1) since higher CO partial 

pressure can favor the formation of the branched aldehyde 5.11d, and 50 mg of 4 

Å MS were added in order to capture the water (entry 1, Table 5.2).   

 

Scheme 5.16: Rh-catalyzed hydroaminomethylation pathway of 5.9d with 5.22b. 

To our delight, under these reaction conditions the amino ester 5.21b was 

detected in 31% yield by GC-MS (entry 1, Table 5.2). Nonetheless, alkene 

hydrogenation product 5.43a was observed by GC when the crude was analyzed. 

Next, various amounts of the rhodium precursor and ligand were tested (entry 2-5, 

Table 5.2). The use of a higher rhodium/ligand ratio (Rh/L =1) decreased the yield 
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of 5.21b to 11% (entry 2, Table 5.2). When the catalyst loading was increased to 2 

mol%, the amino ester 5.21b was afforded in 26% yield (entry 3, Table 5.2). Using 

again a ratio Rh/L of 0.5 with a catalyst loading of 2 mol %, the yield of amino ester 

5.21b increased up to 36% (entry 4, Table 5.2). Finally, lower rhodium/ligand ratio 

was used (Rh/L = 0.4), but no significant changes were observed (entry 5, Table 

5.2). 

Table 5.2: Rh-catalyzed HAM of 5.9d with 5.22a using various catalyst loadings. 

 

Entry
a
 Rh (mol %) 5.48 (mol %)

 
Conv. %

b 
5.21b

b 

1 1 2 >99 31 

2 1 1 >99 11 

3
 

2 2 >99 26 

4
 

2 4 >99 36 

5
 

2 5 >99 33 

a 
Reaction conditions: 5.9d (0.5 mmol), 5.22b (0.5 mmol), 50 mg 4 Å MS, P = 

10 bar (H2/CO, 1:1), toluene (0.4 ml), T = 90°C, t = 20 h. 
b
 % determined by 

GC using naphthalene as internal standard.  

It was therefore concluded that the use of molecular was beneficial (Scheme 5.17). 

Encouraged by these results, a study on the influence of the different reaction 

parameters was studied. 
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Scheme 5.17: Effect of the molecular sieves observed in the Rh-catalyzed regioselective HAM of 5.9d 

with 5.22b. 

Effect of the amount of amine 

As described in Scheme 5.16, the condensation of morpholine 5.22b is challenging 

due the steric hindrance of the branched aldehyde 5.11d. Moreover, the reaction 

of iminium 5.49a with water to displace the equilibrium back to the aldehyde 

5.11d is also an issue to overcome. In order to favor the equilibrium towards the 

iminium 5.49a, various equivalents of morpholine 5.22b were tested (Table 5.3).  

Table 5.3: Rh-catalyzed HAM of 5.9d with various equivalents of morpholine 5.22b. 

 

Entry
a
 5.22 b (equiv.) Conv. %

b 
5.21b

b 

1 0.5 mmol (1 equiv.) >99 36 

2
c 

0.6 mmol (1.2 equiv.) >99 27 

3
c 

0.75 mmol (1.5 equiv.) >99 21 

a 
Reaction conditions: 5.9d (0.5 mmol), 50 mg 4 Å MS, P = 10 bar (H2/CO, 1:1), 

toluene (0.4 ml), T = 90°C, t = 20 h. 
b
 % yield determined by GC using naphthalene 

as internal standard. 
c
 Products 5.40a and 5.43a were detected by GC-MS. 

When 1.2 and 1.5 equivalents of morpholine 5.22b were used, a decrease of the 

amino ester 5.21b yield was observed (27% and 21% respectively) (entry 2-3, Table 

5.3). The linear enamine 5.40a and the linear amine 5.43a were qualitatively 
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detected by GC-MS. These products were not previously observed by GC-MS under 

these pressure (10 bar (H2/CO, 1:1) and temperature (90°C) (Table 5.2). Therefore, 

it was concluded that the use of amine in excess changes the regioselectivity in the 

hydroformylation towards the linear products, but did not help to favor the 

formation of amino ester 5.21b (Scheme 5.18). 

 

Scheme 5.18: Effect of the excess of morpholine 5.22b observed in the Rh-catalyzed regioselective 

HAM of 5.9d with 5.22b. 

Effect of the temperature, time and amount of molecular sieves 

As previously observed, low temperatures favor the formation of the branched 

product in the Rh-catalyzed hydroformylation of α-alkyl acrylates 5.9.11 Thus, the 

reaction was performed at lower temperature (70°C) (entry 1, Table 5.4). Although 

the yield of amino ester 5.21b did not increase, lower degree of hydrogenation of 

the alkene was observed by GC. When a higher temperature (120°C) was applied, 

the yield decreased and linear products were detected by GC (entry 3, Table 5.4). 

Next, the effect of the molecular sieve was tested by increasing the amount to 100 

mg, and amino ester 5.21b was afforded in 42% yield (entry 4, Table 5.4). At this 

point, it was decided to increase the reaction time to 72 h, and to our delight the 

yield of  was improved to a 67% (62% isolated yield) (entry 5, Table 5.4). 

Interestingly, when the temperature was reduced to 50°C, amino ester 5.21b was 

afforded in 82% yield (79% isolated yield) (entry 7, Table 5.4). Therefore, it was 

concluded that lower temperatures were necessary in order to favor the formation 

of amino ester 5.21b (Scheme 5.19). 
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Table 5.4: Rh-catalyzed HAM of 5.9d with 5.22b at variable temperature, time and amount of 4Å MS. 

 

Entry
a
 T (°C) 4Å MS (mg) t (h) Conv. %

b 
5.21b[IY]

b 

1 70 50 20 >99 36 

2
 

90 50 20 >99 36 

3
c 

120 50 20 >99 20 

4 70 100 20 >99 42 

5 70 100 72 >99 67 [62] 

6 50 50 72 >99 56 

7 50 100 72 >99 82 [79] 

a 
Reaction conditions: 5.9d (0.5 mmol), 5.22b (0.5 mmol), Rh (2 mol %), 5.48 (4 mol %), P = 10 bar 

(H2/CO, 1:1), toluene (0.4 ml). 
b
 % determined by GC using naphthalene as internal standard, 

values in bracket refer to isolated yield. 
c
 Linear enamine 5.40a and linear amine 5.43a detected 

by GC. 

It is expected that lower temperatures minimize rate of the reaction of water with 

the iminium 5.49a. Moreover, a positive effect of the molecular sieves was 

observed (Scheme 5.19). In contrast to our previous results in Chapter 4 and the 

reported results reported by Clarke and co-workers,11-26 the 

hydroaminomethylation reaction was performed  using the neutral [Rh(acac)(CO)2] 

precursor in toluene without the use of other polar solvents such as DCE (Scheme 

5.19). Since the iminium 5.49a is the expected intermediate, this result suggests 

that monohydride species are capable to reduce this species, while they cannot 

hydrogenate imines or enamines, as proposed in Chapter 4. 
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Scheme 5.19: Effects observed in the Rh-catalyzed regioselective HAM of 5.9d with 5.22b. 

5.3.2 Rh-catalyzed regioselective HAM of methyl methacrylate with 

various amines 

With these optimized conditions in hand (entry 7, Table 5.4), the scope of β2,2-

amino esters 5.21 was expanded using various amines (Table 5.5).  

The β2,2-amino esters 5.21b-c bearing secondary cyclic amines such as morpholine 

and N-boc piperazine 5.22g were afforded in high yields (up to 86%). Nonetheless, 

when non cyclic secondary amines such as N-methylbenzyl amine 5.22d, N-dibutyl 

amine 5.22h, and N-methylcyclohexyl amine 5.22i were applied, the yields 

obtained were from poor to moderate (up 32%). The use of diisopropyl amine 

5.22j and dibenzyl amine 5.22k did not yield the desired amino esters 5.21g and 

5.21h; respectively; instead, only the branched aldehyde 5.11d was observed. This 

could be due the higher steric hindrance and thus lower nucleophilicity of these 

amine that inhibit the condensation with the aldehyde. A different outcome was 

observed when primary amines were used. Instead of the expected amino ester 

5.21, the corresponding imines 5.24 were afforded in good to excellent yield (up to 

98%). Similar results were obtained by Clarke and co-workers when the HAM of 

methyl methacrylate 5.9d with benzyl amine 5.22a was attempted using ligand 

5.12 (Scheme 5.10). These results indicated that under these reaction conditions, 

the hydrogenation of the imines did not take place. 
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Table 5.5: Scope of amines in the Rh-catalyzed regioselective HAM of methyl methacrylate 5.9d. 

 

 

a 
Reaction conditions: methyl methacrylate 5.9d (0.5 mmol), amine 5.22 (0.5 mmol), 

[Rh(acac)(CO)2] (2 mol %), 5.48 (4 mol %), P = 10 bar (H2/CO, 1:1), toluene (0.4 ml), 100 mg 4Å 

MS, T = 50°C, t = 72h. 
b
 % isolated yields. 

The steric hindrance of the amine revealed an important factor since cyclic 

secondary amines provided good results, but non-cyclic secondary amines 

afforded the amino ester 5.21 in lower yields. Moreover, when primary amines 

were used, the reaction stops at the imine 5.24. Thus, it was concluded under 

these reaction conditions, it is possible to reduce the iminium 5.49 obtained with 

secondary amines but not the imines 5.24 afforded with primary amines.  

To improve the yield for non-cyclic secondary amines, a brief optimization was 

attempted using methyl methacrylate 5.9d and dibutylamine 5.22f as substrates 

(Table 5.6). First, it was decided to use mixture of toluene with polar solvents to 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Synthesis of β2,2-amino esters via Rh-catalyzed regioselective HAM  

 

 207 

study whether the condensation of the amine 5.22 and/or reduction of the 

iminium 5.49 could be favored (entry 2-3, Table 5.6). It was observed that when 2-

methyl tetrahydrofuran (2-MeTHF) was used, lower conversions were obtained 

(up to 60%) compared to those obtained in Table 5.5, where full conversion was 

obtained, and no signals of the amino ester 5.21e were detected (entry 2, Table 

5.6). Interestingly, when DCE was used as solvent, a slight increase in the yield of 

5.21e was observed (up to 30%) (entry 3, Table 5.6). The use of 

dimethylformamide (DMF) provided high degree of hydrogenation of the alkene 

(up to 87%), and poor yield for the branched aldehyde 5.11d (entry 4, Table 5.6). 

Furthermore, the amino ester 5.21e was not detected.   

Table 5.6: Optimization for the Rh-catalyzed HAM of methyl methacrylate 5.9d with dibutylamine 

5.22h. 

 
Entry

a
 L Solvent Conv. %

b 
5.41a

 b
 5.11d

b
 5.21e

b 

1 5.48 Toluene >99 - 74 26 

2
 

5.48 Toluene/2-MeTHF (1:1) 60 - 60 - 

3 5.48 Toluene/DCE (1:1) >99 - 70 30 

4
 

5.48 Toluene/DMF (1:3) >99 87 13 - 

5
c 

5.12 Toluene >99 - 57 37 

a 
Reaction conditions: 5.9d (0.5 mmol), 5.22f (0.5 mmol), Rh (2 mol %), L (4 mol %), P = 10 bar 

(H2/CO, 1:1), solvent (0.4 ml), 100 mg 4Å MS, T = 50°C, t = 72h. 
b
 % determined by 

1
H NMR using 

naphthalene as internal standard.
c 
linear aldehyde 5.42a = 6% yield. 
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Finally, it was decided to test the ligand 5.12 used by Clarke and co-workers in the 

regioselective hydroformylation of α-alkyl acrylates (entry 5, Table 5.6). However, 

the ligand 5.12 improved the yield of amino ester 521.e up to 37%, the increase 

was moderate. It was concluded that the optimization of reaction parameters such 

as the pressure would be necessary. However, due to lack of time, this 

optimization was not carried out in this project and will be studied in the future. 

5.3.3 Optimization of the reaction conditions for the Rh-catalyzed 

regioselective HAM of methyl methacrylate with aniline  

All the reported systems to directly access β2,2-amino esters involve the use of 

secondary amines, probably due to issues related to reactivity or selectivity using 

primary amines.  

In view of the results obtained in Table 5.5, an optimization was necessary in order 

to afford the desired amine using primary amines. The following optimization was 

carried out using the ligands 5.48 and 5.12 under variable reaction conditions. 

Effect of the rhodium precursor and ligand 

The optimization was initiated using the ligand 5.48, the neutral rhodium 

precursor [Rh(acac)(CO)2], and toluene as solvent (entry 1, Table 5.7). It was 

confirmed that the imine 5.24b can be afforded in yield >99% under these reaction 

conditions. When the ligand 5.12 was tested under the same reaction conditions, 

the imine 5.23b was afforded in 40% yield and the branched aldehyde 5.11d in 

60% yield (entry 2, Table 5.7). Interestingly, the use of the cationic rhodium 

precursor [Rh(COD)2]BF4 with ligand 5.48 in a mixture of toluene/DCE, provided 

the alkene hydrogenation product 5.41a in 75% yield, and the desired amino ester 

5.21i was afforded in 25% yield (entry 3, Table 5.7). 
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Table 5.7: Rh-catalyzed HAM of 5.9d with 5.22c using various rhodium precursors and ligands 5.48 

and 5.12. 

 

Entry
a
 L Rh Conv. (%)

b 
5.41a

b 
5.11d

b
 5.24b

b
 5.21i

b 

1 5.48 [Rh(acac)(CO)2] >99 - - >99 - 

2 5.12 [Rh(acac)(CO)2] >99 - 60 40 - 

3
c 

5.48 [Rh(COD)2]BF4 >99 75 - - 25 

4
c 

5.12 [Rh(COD)2]BF4 >99 6 29 34 31 

a 
Reaction conditions: 5.9d (0.5 mmol), 5.22c (0.5 mmol), Rh (2 mol %), L (4 mol %), P = 10 

bar (H2/CO, 1:1), toluene (0.4 ml), T = 50°C, t = 20h. 
b
 % determined by 

1
H NMR using 

naphthalene as internal standard. 
c
 solvent = toluene/DCE (1:1). 

At this stage, the ligand 5.12 was tested under the same reaction conditions (entry 

4, Table 5.7), and to our delight the amino ester 5.21i was afforded in 31% yield, 

the imine 5.24d in 34% yield, and the branched aldehyde 5.11d in 29% yield. 

Therefore, it was concluded that the cationic precursor [Rh(COD)2]BF4 and the 

mixture of toluene/DCE as solvent was necessary to hydrogenate the imine 5.24b 

as previously observed in the systems described in Chapter 4. Differences in 

chemoselectivity were observed when ligand 5.48 and 5.12 were tested under the 

same reaction conditions (entry 3-4, Table 5.7). The use of ligand 5.48 provided 

more hydrogenation of the alkene, while the use of ligand 5.12 afforded more 

hydroformylation products. 
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Effect of the pressure and temperature 

The effect of the pressure and temperature is crucial in this reaction, not on the 

activity, but also on the chemo and regioselectivity. In these tests, the cationic 

rhodium precursor was used based on the previous results obtained (Table 5.7). 

First, the ligand 5.48 was tested under 30 bar of syngas (H2/CO, 1:1) (entry 1, Table 

5.8). The amino ester 5.21i was afforded in 40% yield, and the alkene 

hydrogenation product 5.41a was reduced to 60 % yield. Although this result 

constituted an improvement compared with the reaction under 10 bar of syngas 

(H2/CO, 1:1) (entry 2, Table 5.8), the alkene hydrogenation compound 5.41a was 

still the major product.  

Table 5.8: Rh-catalyzed HAM of 5.9d with 5.22c at variable temperature and pressure. 

 

Entry
a
 L P T Conv. (%)

b 
5.41a

a 
5.11d

b
 5.24b

b
 5.21i[IY]

b 

1 5.48 30 50 >99 60 - - 40 [36] 

2 5.48 10 50 >99 75 - - 25 

3 5.12 10 70 >99 17 4 11 67 

4
 

5.12 30 70 >99 10 <1 <1 90 

5
c 

5.12 30 70 >99 6 <1 <1 94 [87] 

a 
Reaction conditions: 5.9a (0.5 mmol), 5.22c (0.5 mmol), [Rh(COD)2]BF4 (2 mol %), L (4 mol %), 

toluene/DCE (0.4 ml, 1:1), t = 20h. 
b
 % yield determined by 

1
H NMR using naphthalene as internal 

standard, values in brackets refer to isolated yields. 
c
 [Rh(COD)2]BF4 (1 mol %), 5.12 (2 mol %). 
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For this reason, the optimization was carried out using ligand 5.12 (entry 3-5, Table 

5.8). When the temperature was increased up to 70°C, the amino ester 5.21i was 

afforded in 67% yield along with the alkene hydrogenation product 5.41a in 17% 

yield (entry 3, Table 5.8). The increase of the pressure to 30 bar at 70°C provided 

the amino ester 5.21i in excellent yield (up to 90%) (entry 4, Table 5.8). In view of 

this promising result, it was decided to decrease the catalyst loading to 1 mol % 

(entry 5, Table 5.8). To our delight, the amino ester 5.21i was detected in excellent 

yield (up to 94%) by 1H NMR spectroscopy, and after purification via column, the 

product was isolated in 87% yield.  

It was therefore concluded that the use of a cationic rhodium precursor in a 

mixture of toluene/DCE is necessary to afford the amino ester 5.21 using aniline 

5.22c as amine. The catalytic system using ligand 5.48 mainly provided the alkene 

hydrogenation compound 5.41a, while the catalytic system using ligand 5.12 

provided the desired products in high yield. Finally, the use of 1 mol% of rhodium 

with ligand 5.12 under 30 bar of syngas at 70°C provided the amino ester 5.21i in 

high yield. 

5.3.4 Rh-catalyzed regioselective HAM of α-alkyl acrylates with aniline 

derivatives 

At this stage, the scope of β2,2-amino esters 5.21 was extended using aniline 

derivatives using the optimized reaction conditions (entry 5, Table 5.8). 

First, the electronic effect was studied using para-substituted anilines. No 

significant effect was observed when para-substituted anilinesbearing electron-

donating methyl and methoxy group, respectively, were used. In both cases, the 

corresponding amino esters 5.21j and 5.21k were afforded in high yields (up to 

88%). On the other hand, when the aniline derivativebearing electron-withdrawing 

iodide group in para-position was tested, only the imine 5.24e was detected in 

high yields by 1H NMR spectroscopy, and no traces of the corresponding amino 
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ester were observed; moreover the aldehyde 5.11d was detected (19% yield by 1H 

NMR).  

Table 5.9: Rh-catalyzed HAM of α-alkyl acrylates 5.9 with different aniline derivatives. 

 

 

a 
Reaction conditions: 5.9 (0.5 mmol), 5.22 (0.5 mmol), [Rh(COD)2]BF4  (1 mol %), 5.12 (2 mol %), 

P = 30 bar (H2/CO, 1:1), toluene/DCE (0.4 ml, 1:1), T = 70°C, t = 20h 
b
 % yield determined by 

1
H 

NMR using naphthalene as internal standard, values in brackets refer to isolated yields. 

The steric effect was then studied using ortho-substituted anilines bearing methyl 

and methoxy groups respectively. When the aniline derivatives bearing methyl and 

methoxy groups in the ortho position, respectively, were applied, the amino esters 

5.21l and 5.21m were afforded in high yield (up to 81%). However, when the steric 

hindrance was increased using 2,6-dimethyl aniline, only the imine 5.24f was 

detected in 62% yield by 1H NMR, and the branched aldehyde 5.11d in 38% yield. 

Finally, when the α-alkyl acrylate 5.9k bearing a benzyl substituent in α-position 

was used with the aniline 5.22c, the corresponding amino ester 5.21n was 

afforded in 40% isolated yield. In this specific case, the alkene isomerization 
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product was detected in 42% yield and the alkene hydrogenation product in 6% 

yield by 1H NMR. 

In conclusion, several β2,2-amino esters 5.21 bearing aniline and derivatives were 

produced in high yield using aniline and derivatives under optimized reaction 

conditions. It was observed that both electronic and steric effects are important in 

the outcome of the reaction. The system is able to afford β2,2-amino esters 5.21 

bearing aniline with electron-donating groups in para position in high yields, but 

with electron-withdrawing groups are in para position, the reaction stops at the 

imine 5.24. A more electron-poor imine 5.24 seems to be more challenging to 

hydrogenate than an electron-rich. This effect might be due to difficulties in the 

coordination of the imine to the rhodium center, or due to problems in the 

migratory insertion step of the hydrogenation. The steric effect was minimal for 2-

substituted anilines, but when a 2,6-disubstituted aniline was tested, the reaction 

was blocked at the imine 5.24, due to problems in the coordination of the imine to 

the rhodium catalyst. Finally, the substituent in α-position of the acrylate was also 

important, and the isomerization of the alkene is an important side reaction if a 

benzyl group is present. The formation of a more stable tri-substituted olefin 

conjugated to an aromatic ring favors this reaction. 

5.3.5 Rh-catalyzed regioselective HAM of methyl methacrylate with 

benzyl amine 

Our previous results demonstrated that under appropriate conditions, it is possible 

to afford β2,2-amino esters can be obtained using secondary amines and aniline 

derivatives. Motivated by these results, the hydroaminomethylation of methyl 

methacrylate 5.9d with benzyl amine 5.22a was performed. It is noteworthy that 

for this reaction Clarke and co-workers did not obtain the desired product using 

ligand 5.12 and the neutral precursor [Rh(acac)(CO)2] (Scheme 5.10).11 
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The use of neutral precursor [Rh(acac)(CO)2] with ligand 5.48 only provided the 

imine 5.24a in excellent yield (entry 1, Table 5.10). To our surprise, when the 

cationic [Rh(COD)2]BF4 was tested with ligand 5.48 in the mixture of toluene/DCE, 

the imine 5.24a was obtained in excellent yield(entry 2, Table 5.10).  

Table 5.10: Rh-catalyzed HAM of methyl methacrylate 5.9d with benzyl amine 5.21a using various 

reaction conditions. 

 

Entry
a
 Rh Conv. (%)

b 
5.41a

a 
5.11d

b
 5.24a

b
 5.21a

b 

1 [Rh(acac)(CO)2] 90 - - 90 - 

2 [Rh(COD)2]BF4 95 5 - 90 - 

3
 

[Rh(COD)(µ-Cl)]2 >99 2 3 94 - 

4
c 

[Rh(COD)2]BF4 >99 - - >99 - 

5
d 

[Rh(COD)2]BF4 >99 15 - 85 - 

a 
Reaction conditions: 5.9d (0.5 mmol), 5.22a (0.5 mmol), Rh (2 mol %), 5.48 (4 

mol %), P = 10 bar (H2/CO, 1:1), toluene/DCE (0.4 ml, 1:1), T = 50°C, t = 20 h. 
b
 % 

yield determined by 
1
H NMR using naphthalene as internal standard. 

c
 P = 30 bar 

(H2/CO, 1:1).
 d

 L = 5.12 (4 mol %), P = 30 bar (H2/CO, 1:1). 

The use of the dimeric precursor [Rh(COD)(µ-Cl)]2, provided similar results than 

the other precursors (entry 3, Table 5.10). To force the hydrogenation of the 

imine, the total pressure was increased up to 30 bar of syngas using the cationic 

precursor [Rh(COD)2]BF4. Nevertheless, the result was similar than those afforded 

at 10 bar (entry 4, Table 5.10). The ligand 5.12 was also tested at 30 bar of syngas 
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pressure with the cationic precursor [Rh(COD)2]BF4 in the mixture of toluene/DCE, 

however, the imine 5.24a was afforded in 85% yield, and the alkene hydrogenation 

product 5.41a was detected in 15% yield and no signals of the amino ester 5.21a 

were detected (entry 5, Table 5.10). 

It was concluded that the previous modifications in the reaction conditions seem 

to be inefficient for the hydrogenation of the imine 5.24a. Since the problem lies in 

the hydrogenation step, a different approach was attempted. According to Kalck 

and co-workers, the neutral monohydride species 5.49 in charge of the 

hydroformylation is in equilibrium with the cationic species 5.50 in charge of the 

hydrogenation via the species 5.51 (Scheme 5.20).27 

 

Scheme 5.20: Equilibrium between species in hydroaminomethylation described by Kalck et. al. 

According to the equilibrium, a proton source is necessary to move from the 

neutral rhodium monohydride species 5.49 to the cationic rhodium species 5.50 

through a cationic rhodium dihydride species 5.51 (Scheme 5.20). For this reason, 

the addition of various acids was tested in the reaction (Table 5.11). Moreover, 

Beller and co-workers reported that the use of tetrafluoroboric acid (HBF4) 

facilitated the formation of amines in the HAM of vinylarenes.28  

First, tetrafluoroboric acid (HBF4) was used in 2 mol% under the previous reaction 

conditions (entry 2, Table 5.11), but no signals of amino ester 5.21a were detected 

(entry 1, Table 5.11). Then, the neutral precursor [Rh(acac)(CO)2] was used but the 

imine 5.24a remained as major product (entry 2, Table 5.11).  

At this stage, the ammonium salt 5.52a was synthesized, and used as proton 

source in the reaction at different ratios with benzylamine 5.22a in DCE as solvent 

(entry 3-5, Table 5.11). Nevertheless, it was observed that the use of this salt only 

UNIVERSITAT ROVIRA I VIRGILI 
RH-CATALYZED CARBONYLATION OF DISUBSTITUTED OLEFINS: ASYMMETRIC CATALYSIS, CONTINUOUS 
FLOW AND TANDEM HYDROAMINOMETHYLATION REACTION 
Anton Cunillera Martin 
 



Chapter 5 

 

216 
 

promoted the hydrogenation of the methyl methacrylate 5.9d into the alkane 

5.41a. 

Table 5.11: Rh-catalyzed HAM of 5.9d with 5.22a using various proton sources. 

 

Entry
a
 Acid 5.22a/5.52a Conv. (%)

b 
5.41a

a 
5.11d

b
 5.24a

b
 5.21a

b 

1 HBF4 1:0 95 7 6 82 - 

2
c 

HBF4 1:0 82 5 2 75 - 

3
d 

- 1:1 >99 95 - 5 - 

4
e 

- 4:1 >99 73 9 18 - 

a 
Reaction conditions: 5.9d (0.5 mmol), 5.22a (0.5 mmol), [Rh(COD)2]BF4 (2 mol %), 5.48 (4 mol %), 

P = 10 bar (H2/CO, 1:1), toluene/DCE (0.4 ml, 1:1), T = 50°C, t = 20h. 
b
 % yield determined by 

1
H 

NMR using naphthalene as internal standard. 
c
 [Rh(acac)(CO)2] (2 mol%).

d
 solvent = DCE,

 
5.52a 

(0.25 mmol).
 e 

solvent = DCE,
 
5.52a (0.1 mmol). 

Since several attempts to conduct the rhodium catalyzed HAM of methyl 

methacrylate 5.9d with benzyl amine 5.22a only provided the imine 5.24a, the 

ability of the catalytic system containing ligand 5.48 to hydrogenate the imine 

5.24a was questioned. To confirm whether the catalytic system using a cationic 

rhodium precursor and the ligand 5.48 was capable to hydrogenate the iminie 

5.24a under HAM reaction conditions, two control experiments were carried out 

(Table 5.12). First, the imine 5.24a was submitted to hydrogen pressure (5 bar) in 

the presence of the cationic precursor [Rh(COD)2]BF4 and ligand 5.48 in 

toluene/DCE as solvent (entries 1-2, Table 5.12). Interestingly, the amino ester 

5.21a was afforded in moderate to high yield (up to 67%) under these reaction 

conditions. In the second experiment, the imine 5.24a was submitted to hydrogen 
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pressure (5 bar) and CO pressure (5 bar) in the presence of the cationic precursor 

[Rh(COD)2]BF4 with ligand 5.48 (entry 3, Table 5.12). However, under these 

reaction conditions, no conversion of the imine 5.24a was observed. 

Table 5.12: Rh-hydrogenation of 5.24a using ligand 5.48 under H2 and H2/CO pressure. 

 

Entry
a
 Rh (mol%) H2 (bar) CO (bar)

 
Conv. (%)

b 
5.21a

b 

1 1.8 5 - 67 67[48] 

2
 

1.2 5 - 32 32 

3
 

2 5 5 0 - 

a 
Reaction conditions: 5.24a (0.5 mmol), L/Rh = 2, toluene/DCE (0.4 ml, 1:1), T = 

50°C, t = 20h. 
b
 % yield determined by 

1
H NMR using naphthalene as internal 

standard, values in bracket refer to isolated yields. 

Therefore, it was concluded that under hydrogenation reaction conditions (5 bar 

of H2), the catalytic system containing the ligand 5.48 and the cationic precursor 

[Rh(COD)2]BF4  in toluene/DCE as solvent is able to hydrogenate the imine 5.24a 

into the amino ester 5.21a. Furthermore, since the presence of CO stopped the 

reaction, it was concluded that CO is acting as poison for the hydrogenation of this 

specific imine 5.24a, probably by preventing the coordination of the imine to the 

rhodium center. 

5.3.6 Rh-catalyzed AHF of ethyl benzylacrylate  

We have successfully reported the Rh-catalyzed regioselective HAM of methyl 

methacrylate 5.9d for the synthesis of β2,2-amino esters 5.21. Furthermore, it was 

possible to access the racemic β2,2-amino esters 5.21n via Rh-catalyzed HAM of 

ethyl benzylacrylate 5.9k and aniline 5.22c using ligand 5.12. Thus, the 

development of an asymmetric version of this procedure would be of interest for 
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the production of enantioenriched β2,2-amino esters 5.21. In this context, following 

the same approach described in Chapter 4, the regioselective asymmetric HAM of 

α-alkyl acrylates 5.9 at the branched position was attempted. The chirality could 

be induced in the AHF step (Scheme 5.21), and the final hydrogenation of the 

unsaturated compound would provide chiral amino esters 5.21. 

 

Scheme 5.21: Rh-catalyzed asymmetric HAM of α-alkyl acrylates 5.9 for the production of 

enantioenriched β
2,2

-amino esters 5.21. 

However, as mentioned in the introduction of this chapter, there are only two 

reports of Rh-catalyzed asymmetric hydroformylation for the production of chiral 

quaternary centers, and the most recent has been reported during the 

development of this work.12-13 

Buchwald and co-worker reported that in the asymmetric hydroformylation of α-

alkyl acrylates 5.9 for the production of chiral linear aldehyde 5.42b, the use of 
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(R,R)-BenzP* 5.53 as ligand provided the branched aldehyde 5.11k in 4% yield and 

28% enantiomeric excess (Scheme 5.17).29 This result suggests that the asymmetric 

hydroformylation of ethyl benzylacrylate 5.9k is possible using chiral phosphorus 

ligands, and opens the possibility for the asymmetric HAM of ethyl benzylacrylate 

5.9k. In order to conduct the Rh-catalyzed asymmetric HAM of ethyl 

benzylacrylate 5.9k, it is first necessary to establish an efficient system for the Rh-

catalyzed AHF of ethyl benzylacrylate 5.9k, not only with high enantioselectivity, 

but also with high regioselectivity for the branched product. 

 

Scheme5.17: Rh-catalyzed asymmetric hydroformylation of 5.9k using ligand 5.53. 

Based on our previous experience and the reported procedures, the rhodium 

catalyzed asymmetric hydroformylation of ethyl benzylacrylate 5.9k was 

performed using with various chiral phosphorus ligands at 50°C, and 10 bar 

(H2/CO, 1:1), since these reaction conditions previously favored the formation of 

branched aldehyde 5.11 (Table 5.13). The screening begun with the (R,R)-Et-BPE 

ligand 5.54, which provided low activity under these reaction conditions, but 

afforded the aldehyde 5.11k in 28% yield (entry 1, Table 5.13). However, the 

enantioselectivity afforded was only 2%. Then, the monodentate (S)-Neomenthyl 

diphenylphosphine (NMDPP) 5.55 and monodentate ligand 5.56 were tested 

(entry 2-3, Table 5.13), and the branched aldehyde 5.11k was afforded in 16% and 

30% yield respectively. Nevertheless, the enantioselectivities obtained were poor 

in both cases (up to 6%). 
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Table 5.13: Screening of phosphorus ligand for the Rh-catalyzed AHF of 5.9k. 

 

Entry
a
 L Conv. (%)

b 
5.41b

a 
5.58a

b
 5.42b

b
 5.11k

b 
ee (%)

c 

1 

 

45 14 - 3 28 2 

2 

 

>99 12 65 7 16 6 

3
 

 

>99 29 34 7 30 1 

4 

 

>99 41 39 10 10 4 

5
 

 

>99 52 26 2 20 30 

a 
Reaction conditions: 5.9k (0.5 mmol), [Rh(acac)(CO)2] (2 mol%), L = bidentate (1.2 mol %), L = 

monodentate (4 mol%), P = 10 bar (H2/CO, 1:1), toluene (0.4 ml), T = 50°C, t = 18 h. 
b
 % yield 

determined by 
1
H NMR using naphthalene as internal standard. 

c
 % enantiomeric excess 

determined by GC. 

When (-)-DIOP 5.3 was used as ligand, the major products obtained were those of 

alkene hydrogenation 5.41b and alkene isomerization 5.58a (41% and 39% yield 

respectively), and the branched aldehyde 5.11k was afforded in only 10% yield 

with poor enantioselectivity (up to 4%). Finally, (R,R)-QuinoxP* 5.14 was tested 
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and the branched aldehyde 5.11k was obtained in 20% yield, and 30% ee, which is 

the best result obtained so far. 

It was concluded that the rhodium catalyzed AHF of ethyl benzylacrylate 5.9k for 

the production of chiral quaternary carbon centers is very challenging. Various 

chiral ligands were tested, and ee’s up to 30% ee were obtained using (R,R)-

QuinoxP* 5.14 as ligand. Apart from the low ee’s obtained, poor to moderate 

yields were afforded for the branched aldehyde 5.11k. The alkene isomerization 

was identified as one of the major problems to overcome when using this 

substrate. 

5.4 Conclusions 

From the study described in this chapter, the following conclusions can be 

extracted: 

 

i) The first synthesis of β2,2-amino esters 5.21 via regioselective Rh-catalyzed 

HAM of methyl methacrylate 5.9d with secondary amines was achieved. 

ii) The presence of molecular sieves was crucial to afford β2,2-amino esters 

5.21 bearing secondary amines. 

iii) The steric hindrance in the secondary amines had a negative effect on the 

condensation step and therefore in the final yields. 

iv) When primary amines were used under the same reaction conditions, only 

imines 5.24 were afforded in high to excellent yields. 

v) The synthesis of β2,2-amino esters 5.21 in high yields via Rh-catalyzed HAM 

of methyl methacrylate 5.9d with aniline and derivates was achieved using 

the cationic rhodium precursor [Rh(COD)2]BF4 with ligand 5.12, in the 

mixture of toluene/DCE as solvent, under 30 bar (H2/CO, 1:1) of pressure, 

and at 70°C. 
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vi) The steric hindrance has only a significant negative effect when diortho-

substituted anilines are used.  

vii) The electronic effect was studied and it was concluded that electron-

donating substituents have no significant effect while electron-

withdrawing have negative effect on the condensation step and 

hydrogenation of the branched imine 5.24. 

viii) When benzyl amine 5.22a was used under HAM reaction conditions, the 

imine 5.24a was obtained. Various rhodium precursors, pressures, and 

ligands 5.48 and 5.12 were tested but in all the cases, the branched imine 

5.24a was obtained in high to excellent yields. 

ix) The use of external proton sources such as HBF4 or ammonium salt 5.52a 

did not provide amino ester 5.21a. Instead, the ammonium salt 5.52a 

favored the hydrogenation of the methyl methacrylate 5.9d. 

x) The direct hydrogenation of the imine 5.24a in the presence of 

[Rh(COD)2]BF4 and ligand 5.48 under 5 bar of hydrogen proved that the 

system is able to hydrogenate the imine and afford the β2,2-amino ester 

5.21a. However, in the presence of syngas pressure (H2/CO, 1:1), no 

hydrogenation of the imine 5.24a was observed, which suggests that CO is 

inhibiting the hydrogenation step. 

xi) Preliminary studies in the asymmetric HAM of ethyl benzylacrylate 5.9k to 

access chiral β2,2-amino esters 5.21 were conducted via the rhodium 

catalyzed asymmetric hydroformylation of ethyl benzylacrylate 5.9k. It was 

observed that under regioselective hydroformylation conditions, the 

branched aldehyde 5.11k can be obtained in poor to moderate yield, along 

with the alkene isomerization product 5.58a as main byproduct. Ee up to 

30% was obtained using the ligand (R,R)-QuinoxP* 5.14 (Table 5.13). 
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5.5 Experimental 

5.5.1 General considerations 

All the reactions were carried out using Schlenk-line or glovebox techniques. 

Anhydrous solvents were collected from the system Braun MB SPS-800 except 

except from 1,2-dichloroethane, which was dried over CaH2, and stored under 

inert atmosphere. 

 

1H, 13C{1H}  and 31P{1H}  NMR spectra were recorded using a Varian Mercury VX 400 

spectrometer (400, 100.6, and 161.97 MHz respectively). Chemical shift values (δ) 

are reported in ppm relative to TMS (1H and 13C{1H}) or H3PO4 (31P{1H}), and 

coupling constants are reported in Hertz. The following abbreviations are used to 

indicate the multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; 

bs, broad signal. High-resolution mass spectra (HRMS) were recorded on an Agilent 

Time-of-Flight 6210 using ESI-TOF (electrospray ionization-time of flight). Samples 

were introduced in the mass spectrometer ion source by direct injection using a 

syringe pump and were externally calibrated using sodium formate. The 

instrument was operating in the positive ion mode. Reactions were monitored by 

TLC carried out on 0.25 mm E. Merck silica gel 60 F254 glass or aluminum plates. 

Developed TLC plates were visualized under a short-wave UV lamp (254 nm) or 

heating plates that were dipped in potassium permanganate. Flash column 

chromatography was carried out using forced flow of the indicated solvent on 

Merck silica gel 60 (230-400 mesh).  

 

The Rh-catalyzed HAM reaction and Rh-catalyzed AHF reaction were set up in a 

CAT24 autoclave from HEL Inc. and were stirred with a teflon-coated magnetic stir 

bar. 
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The enantiomeric excess of branched aldehyde 5.11f was determined by GC 

analysis on  chiral  stationary  phase employing  CP Chiralsi-Dex CD, 25 m x 0.25 

mm x 0.25 mm using the conditions reported in the literature.29  

 

Commercial reagents and solvents were purchased at the highest commercial 

quality from Sigma-Aldrich,  Fluka,  Alfa  Aesar,  Fluorochem,  Strem and used  as  

received,  without  further purification, unless otherwise  stated.  

 

The ethyl benzylacrylate 5.9k was synthesized according to the procedure 

described in Chapter 4.29 

5.5.2 Rh-catalyzed regioselective HAM of α-alkyl acrylates 5.9 

General procedure A: rhodium catalysed regioselective HAM of methyl 

methacrylate for the synthesis of β2,2-amino esters using secondary amines 

 

A 2 mL glassware reactor tube was charged with methyl methacrylate 5.9d (0.5 

mmol), secondary amine 5.22 (0.5 mmol), 100 mg of 4Å MS, ligand 5.48 (3.7 µL, 

0.02 mmol), dicarbonyl(acetylacetonato)rhodium(I) (2.6 mg, 0.01 mmol) in 

toluene (0.4 mL). The reaction tube was placed in the reactor which was 

pressurized with 10 bar of H2/CO (1:1), heated at 50°C and left stirring at 800 rpm. 

The reaction was stopped after 72 h by cooling the reactor in an ice bath for 20 

min followed by venting the system. The mixture was purified by chromatographic 

column with Al2O3 to afford the resulting β2,2-amino esters 5.21.  
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General procedure B: rhodium catalysed regioselective HAM of α-alkyl acrylates 

for the synthesis of β2,2-amino esters using aniline and derivatives 

 

A 2 mL glassware reactor tube was charged with α-alkyl acrylate 5.9 (0.5 mmol), 

aniline derivative 5.22 (0.5 mmol), bis(1,5-cyclooctadiene)rhodium (I) 

tetrafluoroborate (2 mg, 0.005 mmol) in DCE (0.2 mL), and ligand 5.12 (2.9 mg, 

0.01mmol) in toluene (0.2 mL). The reaction tube was placed in the reactor which 

was pressurized with 30 bars of H2/CO (1:1), heated to 70°C and left stirring at 800 

rpm. The reaction was stopped after 20 h by cooling the reactor in an ice bath for 

20 min followed by venting the system. The mixture was purified by 

chromatographic column with SiO2 to afford the resulting β2,2-amino esters 5.21.  

Methyl 2,2-dimethyl-3-morpholinopropanoate (5.21b): 

General procedure A was followed employing methyl methacrylate 

5.9d (53.5 μL, 0.5 mmol) and morpholine (44 μL, 0.5 mmol). 

Purification by flash chromatography eluting with pentane/Et2O (2:1) 

afforded 5.21b (79.2 mg, 79%) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.16 (s, 6H), 2.46 (bs, 6H), 3.63 (bs, 4H), 3.65 (s, 3H). 

13C NMR (100.6 MHz, CDCl3) : 23.9 (2C), 44.0 (1C), 51.8 (1C), 55.4 (2C), 67.3 (2C), 

67.4 (1C), 178.2 (1C). ESI-HRMS: Calculated for C10H20NO3. Exact: (M: 201.1365, 

M+H: 202.1443); Experimental (M+H: 202.1437). 
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Tert-butyl 4-(3-methoxy-2,2-dimethyl-3-oxopropyl)piperazine-1-carboxylate 

(5.21c): 

General procedure A was followed employing methyl methacrylate 

5.9d (53.5 μL, 0.5 mmol) and N-Bocpiperazine (93.1 mg, 0.5 mmol). 

Purification by flash chromatography eluting with pentane/Et2O (2:1) 

afforded 5.21c (129 mg, 86%) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.16 (s, 6H), 1.44 (s, 9H), 2.41 (bs, 4H), 2.48 (bs, 2H), 

3.34 (bs, 4H), 3.65 (s, 3H). 13C NMR (100.6 MHz, CDCl3) : 23.9 (2C), 28.7 (3C), 43.5 

(1C), 44.1 (1C), 44.6 (1C), 51.8 (1C), 54.8 (2C), 66.8 (1C), 79.7 (1C), 154.9 (1C), 178.2 

(1C). ESI-HRMS: Calculated for C15H28N2O4. Exact: (M: 300.2049, M+H: 301.2127); 

Experimental (M+H: 301.2132). 

 

Methyl 3-(benzyl(methyl)amino)-2,2-dimethylpropanoate (5.21e): 

General procedure A was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and N-methylbenzyl 

amine (66.5 μL, 0.5 mmol). Purification by flash chromatography eluting with 

pentane/Et2O (8:1) afforded 5.21e (38 mg, 32%) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.20 (s, 6H), 2.15 (bs, 3H), 2.63 (bs, 2H), 3.54 (bs, 2H), 

3.66 (s, 3H), 7.30 (m, 5H, Ar). 13C NMR (100.6 MHz, CDCl3) : 24.0 (2C), 43.9 (1C), 

44.3 (1C), 51.8 (1C), 64.2 (1C), 66.9 (1C), 126.9-140 (6C, Ar), 178.4 (1C). ESI-HRMS: 

Calculated for C14H21NO3. Exact: (M: 235.1572, M+H: 236.1651); Experimental 

(M+H: 236.1657). 

 

Methyl 3-(dibutylamino)-2,2-dimethylpropanoate (5.21d): 

General procedure A was followed employing methyl methacrylate 

5.9d (53.5 μL, 0.5 mmol) and dibutyl amine (85 μL, 0.5 mmol). 

Purification by flash chromatography eluting with pentane/Et2O 

(40:1) afforded 5.21f (59 mg, 24%) as colorless oil. 
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1H NMR (400 MHz, CDCl3) : 0.89 (t, JH,H = 7.2 Hz, 6H), 1.14 (s, 6H),1.24-1.36 (m, 

10H), 2.37 (t, JH,H = 6.8 Hz, 4H), 2.54 (s, 2H), 3.64 (s, 3H). 13C NMR (100.6 MHz, 

CDCl3) : 14.3 (2C), 20.7 (2C), 24.0 (2C), 29.4 (2C), 44.3 (1C), 51.6 (1C), 55.4 (2C), 

64.7 (1C), 178.5 (1C). ESI-HRMS: Calculated for C14H29NO2. Exact: (M: 243.2198, 

M+H: 244.2277); Experimental (M+H: 244.2271). 

 

Methyl 3-(cyclohexyl(methyl)amino)-2,2-dimethylpropanoate (5.21g): 

General procedure A was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and N-methylcyclohexyl 

(65.5 μL, 0.5 mmol). Purification by flash chromatography eluting 

with pentane/Et2O (2:1) afforded 5.21g (18 mg, 15%) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.14 (s, 6H), 1.17 (bs, 4H), 1.51-1.70 (m, 7H), 2.21 (s, 

3H), 2.55 (s, 2H), 3.58 (s, 3H). 13C NMR (100.6 MHz, CDCl3) : 23.9 (2C), 26.4 (1C), 

26.5 (1C), 28.8 (2C), 39.5 (1C), 44.3 (2C), 51.7 (1C), 64.1 (1C), 64.9 (1C), 178.5 (1C). 

ESI-HRMS: Calculated for C13H25NO2. Exact: (M: 227.1885, M+H: 228.1964); 

Experimental (M+H: 228.1961). 

 

Methyl 2,2-dimethyl-3-(phenylamino)propanoate (5.21i): 

General procedure B was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and aniline (46 μL, 0.5 

mmol). Purification by flash chromatography eluting with 

pentane/Et2O (3:1) afforded 5.21i (90.2 mg, 88%) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.27 (s, 6H), 1.58 (1H, NH), 3.23 (s, 2H), 3.68 (s, 3H), 

6.61 (d, JH,H = 7.6 Hz, 2H, Ar), 6.68 (t, JH,H = 7.2 Hz, 1H, Ar) 7.16 (m, 2H, Ar). 13C NMR 

(100.6 MHz, CDCl3) : 23.7 (2C), 43.8 (1C), 52.2 (1C), 52.8 (1C), 113.1-148.6 (6C, 

Ar), 177.7 (1C). ESI-HRMS: Calculated for C12H17NO2. Exact: (M: 207.1259, M+H: 

208.1338); Experimental (M+H: 208.1328). 
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Methyl 2,2-dimethyl-3-(p-tolylamino)propanoate (5.21j): 

General procedure B was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and para-toluidine (53.6 

mg, 0.5 mmol). Purification by flash chromatography eluting 

with pentane/Et2O (6:1) afforded 5.21j (97.4 mg, 88%) as white solid. 

1H NMR (400 MHz, CDCl3) : 1.24 (s, 6H), 1.60 (1H, NH), 2.23 (s, 3H), 3.21 (s, 2H), 

3.67 (s, 3H), 6.54 (d, JH,H = 8.4 Hz, 2H, Ar), 6.96 (d, JH,H = 8 Hz, 2H, Ar). 13C NMR 

(100.6 MHz, CDCl3) : 20.4 (1C), 23.7 (2C), 43.8 (1C), 52.1 (1C), 53.3 (1C), 113.2-

146.4 (6C, Ar), 177.7 (1C). ESI-HRMS: Calculated for C13H20NO2. Exact: (M: 

221.1416, M+H: 222.1494); Experimental (M+H: 222.1486). 

 

Methyl 2,2-dimethyl-3-(p-tolylamino)propanoate (5.21k): 

General procedure B was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and para-anisidine 

(53.6 mg, 0.5 mmol). Purification by flash chromatography 

eluting with pentane/Et2O (5:1) afforded 5.21k (100.9mg, 85%) as colourless oil 

1H NMR (400 MHz, CDCl3) : 1.27 (s, 6H), 3.18 (s, 2H), 3.67 (s, 3H), 3.74 (s, 3H), 6.60 

(d, JH,H = 8.8 Hz, 2H, Ar), 6.77 (d, JH,H = 9.2 Hz, 2H, Ar). 13C NMR (100.6 MHz, CDCl3) 

: 23.7 (2C), 43.7 (1C), 52.1 (1C), 54.2 (1C), 55.9 (1C), 114.5-152.2 (Ar, 6C), 177.6 

(1C). ESI-HRMS: Calculated for C13H19NO3. Exact: (M: 237.1365, M+H: 238.1443); 

Experimental (M+H: 238.1438). 

 

Methyl 2,2-dimethyl-3-(o-tolylamino)propanoate (5.21l): 

General procedure B was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and ortho-toluidine (53.5 

μL, 0.5 mmol). Purification by flash chromatography eluting with 

pentane/Et2O (3:1) afforded 5.21l (85.2 mg, 77%) as colorless oil. 
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1H NMR (400 MHz, CDCl3) : 1.31 (s, 6H), 2.14 (s, 3H), 3.25 (s, 2H), 3.69 (s, 3H), 6.64 

(t, JH,H = 7.8 Hz, 2H, Ar), 7.05 (d, JH,H = 6.8 Hz, 1H, Ar), 7.11 (t, JH,H = 8 Hz, 1H, Ar). 13C 

NMR (100.6 MHz, CDCl3) : 17.5 (1C), 23.8 (2C), 43.5 (1C), 52.2 (1C), 52.7 (1C), 

109.9-146.5 (6C, Ar), 177.7 (1C). ESI-HRMS: Calculated for C13H19NO2. Exact: (M: 

221.1416, M+H: 222.1494); Experimental (M+H: 222.1491). 

 

Methyl 3-((2-methoxyphenyl)amino)-2,2-dimethylpropanoate (5.21m): 

General procedure B was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and ortho-anisidine (56.5 

μL, 0.5 mmol). Purification by flash chromatography eluting with 

pentane/Et2O (4:1) afforded 5.21m (96.1 mg, 81%) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.29 (s, 6H), 3.26 (s, 2H), 3.67 (s, 3H), 3.84 (s, 3H), 6.64 

(m, 2H, Ar), 6.76 (dd, JH,H = 8.4, 1.6 Hz, 1H, Ar), 6.85 (m, 1H, Ar). 13C NMR (100.6 

MHz, CDCl3) : 23.7 (2C), 43.9 (1C), 52.1 (1C), 52.6 (1C), 55.6 (1C), 109.7-146.9 (6C, 

Ar), 177.6 (1C). ESI-HRMS: C13H19NO3. Exact: (M: 237.1365, M+H: 238.1443); 

Experimental (M+H: 238.1441). 

 

Ethyl 2-benzyl-2-methyl-3-(phenylamino)propanoate (5.21n): 

General procedure B was followed employing ethyl 

benzylacrylate 5.9k (95 mg, 0.5 mmol) and aniline (46 μL, 0.5 

mmol). Purification by flash chromatography eluting with 

pentane/Et2O (12:1) afforded 5.21n (60 mg, 40%) as colorless oil. 

1H NMR (400 MHz, CDCl3) : 1.22 (s, 3H), 1.23 (t, JH,H = 7.2 Hz, 3H), 2.93 (d, JH,H = 

13.2 Hz, 1H), 3.02 (d, JH,H = 13.6 Hz, 1H), 3.13 (d, JH,H = 12.4 Hz, 1H), 3.35 (d, JH,H = 

12.4 Hz, 1H), 4.14 (t, JH,H = 7.2 Hz, 2H), 6.62 (d, JH,H = 8.4 Hz, 2H, Ar), 6.70 (t, JH,H = 

7.2 Hz, 1H, Ar), 7.13-7.28 (m, 7H, Ar). 13C NMR (100.6 MHz, CDCl3) : 14.7 (1C), 

20.5 (1C), 42.5 (1C), 48.1 (1C), 50.8 (1C), 60.9 (1C), 113.1-148.4 (12C, Ar), 176.1 
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(1C). ESI-HRMS: Calculated for C19H23NO2. Exact: (M: 297.1729, M+H: 298.1807); 

Experimental (M+H: 298.1809). 

 

Methyl-3-(benzylimino)-2,2-dimethylpropanoate (5.24a): 

General procedure A was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and benzyl amine (55 μL, 

0.5 mmol). Purification by flash chromatography eluting with pentane/Et2O (3:1) 

afforded 5.24a (70 mg, 64%) as colorless oil. 

1H NMR (400 MHz, CD2Cl2) : 1.35 (s, 6H), 3.67 (s, 3H), 4.57 (s, 2H), 7.21 (m, 3H, 

Ar), 7.30 (m, 2H, Ar), 7.84 (s, 1H). 13C NMR (100.6 MHz, CD2Cl2) : 22.6 (2C), 47.7 

(1C), 51.9 (1C), 64.2 (1C), 126.8-139.5 (6C, Ar), 166.7 (1C), 175.3 (1C). ESI-HRMS: 

Calculated for C13H17NO2. Exact: (M: 219.1259, M+H: 220.1338); Experimental 

(M+H: 220.1331). 

 

Methyl -2,2-dimethyl-3-(phenylimino)propanoate (5.24b): 

General procedure A was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and aniline (46 μL, 0.5 

mmol). Purification by flash chromatography eluting with 

pentane/Et2O (5:1) afforded 5.24b (100 mg, 98%) as colorless oil. 

1H NMR (400 MHz, CD2Cl2) : 1.43 (s, 6H), 3.70 (s, 3H), 6.99 (m, 2H, Ar), 7.21 (m, 

1H, Ar), 7.34 (m, 2H, Ar), 7.89 (s, 1H) . 13C NMR (100.6 MHz, CD2Cl2) : 22.8 (2C), 

48.5 (1C), 52.6 (1C), 120.9-152.2 (6C, Ar), 166.9 (1C), 175.5 (1C). ESI-HRMS: 

Calculated for C12H15NO2. Exact: (M: 205.1103, M+H: 206.1181); Experimental (M-

H: 206.1170). 
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Methyl-3-(cyclohexylimino)-2,2-dimethylpropanoate (5.24c): 

General procedure A was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and cyclohexyl amine (57.5 

μL, 0.5 mmol). Purification by flash chromatography eluting with 

pentane/Et2O (6:1) afforded 5.24c (75 mg, 71%) as colorless oil. 

1H NMR (400 MHz, CD2Cl2) : 1.27 (s, 6H), 1.37 (m, 4H), 1.58 (m, 4H), 1.74 (m, 2H), 

2.97 (m, 1H), 3.64 (s, 3H), 7.68 (s, 1H). 13C NMR (100.6 MHz, CD2Cl2) : 22.7 (2C), 

24.6 (2C), 25.6 (2C), 34.2 (1C), 47.3 (1C), 51.8 (1C), 69.0 (1C), 162.8 (1C), 175.6 

(1C). ESI-HRMS: Calculated for C12H21NO2. Exact: (M: 211.1572, M+H: 212.1651); 

Experimental (M+H: 212.1638). 

 

Methyl-3-(butylimino)-2,2-dimethylpropanoate (5.24d): 

General procedure A was followed employing methyl 

methacrylate 5.9d (53.5 μL, 0.5 mmol) and butyl amine (49.5 μL, 

0.5 mmol). Purification by flash chromatography eluting with pentane/Et2O (8:1) 

afforded the 5.24d (70 mg, 76%) as colorless oil. 

1H NMR (400 MHz, CD2Cl2) : 0.82 (t, JH,H = 7.2 Hz, 3H), 1.22 (m, 8H), 1.45 (m, 2H), 

3.29 (t, JH,H = 6.8 Hz, 2H), 3.58 (s, 3H), 7.58 (bs, 1H). 13C NMR (100.6 MHz, CD2Cl2) : 

13.6 (1C), 20.2 (1C), 22.6 (2C), 32.7 (1C), 47.7 (1C), 51.9 (1C), 64.2 (1C), 164.9 (1C), 

175.5 (1C). ESI-HRMS: Calculated for C10H19NO2. Exact: (M: 185.1416, M+H: 

186.1494); Experimental (M+H: 184.1486). 

 

Methyl 3-(benzylamino)-2,2-dimethylpropanoate (5.21a): 

Modified general procedure B was followed employing imine 

5.24a (62 mg, 0.28 mmol), ligand 5.48 (1.7 µL, 0.01 mmol) and 5 

bar of H2. Purification by flash chromatography eluting with pentane/Et2O (2:1) 

afforded 5.21a (30 mg, 48%) as colorless oil. 
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1H NMR (400 MHz, CDCl3) : 1.14 (s, 6H), 2.61 (s, 2H), 3.62 (s, 3H), 3.74 (s, 2H), 

7.21-7.27 (bs, 5H, Ar). 13C NMR (100.6 MHz, CDCl3) : 23.8 (2C), 43.7 (1C), 51.9 

(1C), 54.4 (1C), 58.0 (1C), 126.9-140.8 (6C, Ar), 178.1 (1C). ESI-HRMS: Calculated 

for C13H19NO2. Exact: (M: 221.1416, M+H: 222.1494); Experimental (M+H: 

222.1495). 

 

Benzyl ammonium tetrafluoroborate (5.52a): 

Tetrafluoroboric acid 48% in H2O (914 mg, 5 mmol) was added to a 

solution of benzyl amine (0.456 mL, 5 mmol) in a solution of 

acetonitrile/dichloromethane (1:1), and the reaction was left stirring at room 

temperature overnight. Then, the solvent was evaporated under vacuum and the 

precipitated washed with dichloromethane (3 x 5 mL) to afford 5.52a (810 mg, 

83%) as white solid. 

1H NMR (400 MHz, (CD3)2SO) : 4.01 (s, 2H), 7.37-7.45 (m, 5H, Ar). 13C NMR (100.6 

MHz, (CD3)2CO) : 43.0 (1C), 128.9-135.0 (6C, Ar). ESI-HRMS: Calculated for 

C7H10BF4N. Exact: (M+: 108,0808); Experimental (M+: 108,0810). 
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From the study of chiral Rh-complexes immobilized onto carbon supports carried 

out in Chapter 3, the following conclusions were extracted: 

 

 The synthesis of the chiral pyrene tagged diphosphite ligands 3.27 and 

3.28 was successfully completed. 

 The corresponding cationic complexes [Rh(COD)(3.27)]BF4 3.40 and 

[Rh(COD)(3.28)]BF4 3.41 were synthesized in excellent yields.  

 Systems containing pyrene tagged diphosphite ligands were successfully 

applied in the rhodium catalyzed AHF of norbornene 3.2 with similar 

results to analogous systems bearing alkyl groups. Thus, the pyrene moiety 

has no effect in the performance of the catalyst. 

 HP-NMR experiments confirmed a fluxional eq-eq coordination mode of 

the ligand 3.27 in the [RhH(CO)2(3.27)] complex. Moreover, NOESY 

experiments confirmed that the pyrene moiety remains far from the active 

center. 

 The pyrene tagged Rh complexes 3.40 and 3.41 were successfully 

immobilized onto various carbon supports (MWCNTs, rGO, and CBs) to 

provide Rh@support heterogenized catalysts using ethyl acetate as 

solvent.  

 

With the new heterogenized catalysts in hand, they were applied in the Rh-

catalyzed AHF of norbornene 3.2 in batch and flow modes with the following 

conclusions: 

 

 The Rh-catalyzed AHF norbornene 3.2 in batch using heterogenized 

catalysts provided lower activity and enantioselectivity compared to the 

homogeneous catalysts. Furthermore, recycling experiments in batch were 

not successful due to catalyst leaching. 
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 The heterogenized catalysts were successfully applied in the Rh-catalyzed 

AHF of norbornene 3.2 under flow conditions, obtaining higher 

enantioselectivities than those obtained with the homogeneous system in 

batch. 

 The 3.41@CBs provided the best performance among the heterogenized 

catalysts tested. Moreover, the robustness of the system was 

demonstrated. 

 

From the study on the Rh-catalyzed asymmetric hydroaminomethylation of α-alkyl 

acrylates for the synthesis of chiral γ-aminobutyric esters described in Chapter 4, 

the following conclusions can be extracted: 

 

 The synthesis of chiral γ-aminobutyric esters 4.56 via Rh-catalyzed 

asymmetric hydroaminomethylation of α-alkyl acrylates 4.52 was 

successfully achieved using one single rhodium precursor, (R,R)-QuinoxP* 

4.54 as ligand, and a mixture of toluene/DCE as solvent. 

 The reaction proved to be tolerant to various protecting groups, secondary 

amines and aniline, and using various acrylates with alkyl substituents as 

substrates. 

 This constitutes the first example in the literature of Rh-catalyzed 

asymmetric HAM of alkenes using one single catalyst. 

 

In view of the successful system developed, HP-NMR studies were conducted, and 

the following conclusions can be extracted: 

 

 The reaction  of the cationic precursor [Rh(COD)2]BF4 with (R,R)-QuinoxP* 

4.54 in toluene/DCE provided species [Rh(COD)(4.54)]BF4 4.63 and 

[Rh(4.54)2]BF4 4.64. The X-Ray structures of complexes 4.63 and 4.64 were 

elucidated. 
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 The reaction of complexes 4.63 and 4.64 under CO provided the 

dicarbonyl  Rh species [Rh(CO)2(4.54)]BF4 4.65 at room temperature, and 

tricarbonyl Rh species [Rh(CO)3(4.54)]BF4 4.66 at 90°C. 

 The reaction of complexes 4.63 and 4.64 in the presence of hydrogen 

provides the rhodium species [Rh(Solvent)2(4.54)]BF4 4.67 . 

 The reaction of complexes 4.63 and 4.64 under syngas pressure at 90°C 

provided the Rh species [Rh(CO)3(4.54)]BF4 4.66. 

 The presence of a strong base such as morpholine is necessary to promote 

the heterolytic cleavage of hydrogen, and facilitate the formation of 

rhodium monohydride species from the mixture of the cationic precursor 

[Rh(COD)2]BF4 with (R,R)-QuinoxP* 4.54 in toluene/DCE. Moreover, aniline 

is capable to induce the heterolytic cleavage of the hydrogen. 

 Two rhodium monohydride [RhH(CO)2(PP)] species were identified, one 

(4.68) bearing the quinaxoline backbone intact, and another one (4.69) 

where the quinaxoline backbone is partially reduced. 

 

Finally, the HAM reaction was monitored via HP-NMR spectroscopy, and the 

following conclusions were extracted: 

 

 The presence of neutral and cationic species was crucial to complete the 

HAM reaction. 

 The species 4.76 was identified as a cationic complex bearing the linear 

enamine 4.51a coordinated; such species is expected to be involved in the 

hydrogenation step. 

 The use of a polar solvent as DCE was necessary to solubilize both neutral 

and cationic species in the solution. 

 The rate determining step of the reaction was the hydrogenation of the 

enamine.  
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From the study in the Rh-catalyzed regioselective hydroaminomethylation of α-

alkyl acrylates for the synthesis of β2,2-aminoc esters described in Chapter 5, the 

following conclusions can be extracted: 

 

 The synthesis of β2,2-amino esters 5.21 via Rh-catalyzed regioselective 

hydroaminomethylation of α-alkyl acrylates 5.9 was successfully achieved 

with secondary amines and aniline derivatives. 

 The Catalytic systems using diphenylmethylphosphine 5.48 and 

monophosphine cage 5.12 ligand provided excellent regioselectivity for 

the branched products. 

 

When secondary amines were used, the following conclusions were extracted: 

 

 The use of molecular sieves was crucial to remove water from the media 

and allow the reduction of the iminium intermediate. 

 Neutral rhodium species are capable to reduce the iminium intermediates, 

even using toluene as solvent. 

 The steric hindrance at the secondary amine has a negative effect on the 

condensation step and therefore on the final yields. 

 

When aniline and derivatives were used, the following conclusions were extracted: 

 

 The use of a cationic [Rh(COD)2]BF4 precursor together with ligand 5.12 in 

a mixture of toluene/DCE was necessary to reduce the imine intermediate 

and afford the desired amino ester. 

 The steric effect at the aniline was only significant when di-ortho-

substituted anilines are used. 
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 The electronic effect had no significant effect for electron-donating 

substituents in para-position of the aniline, while electron-withdrawing 

groups block the reaction at the imine. 

 

Finally, the Rh-catalyzed asymmetric hydroformylation of α-alkyl acrylates 5.9 for 

the production of chiral quaternary carbon centers was conducted, and the 

following conclusions were extracted: 

 

 The Rh-catalyzed asymmetric hydroformylation of ethyl benzylacrylate 

5.9k was successfully conducted to afford the branched aldehyde in poor 

to moderate yield, and enantioselectivities up to 30%. 

 The system containing (R,R)-QuinoxP* 5.14 ligand provided the best 

results in terms of enantioselectivity. 

 The challenge in this reaction does not only lie on the enantioinduction but 

also in the chemoselectivity. The alkene hydrogenation and the alkene 

isomerization were observed as major reaction product in many cases.  
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