
 
 
 
 
 
 
 
 
 

SCREENING OF MODULAR SUGAR DERIVED PHOSPHITE-BASED 
LIGAND LIBRARIES FOR M-CATALYZED REACTIONS. A GREEN 

APPROACH TO CATALYSTS DISCOVERY 
     

Sabina Alegre Aragonés 
 

Dipòsit Legal: T.194-2014 

 
 

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilització ha de respectar els drets 

de la persona autora. Pot ser utilitzada per a consulta o estudi personal, així com en activitats o materials 
d'investigació i docència en els termes establerts a l'art. 32 del Text Refós de la Llei de Propietat Intel·lectual 
(RDL 1/1996). Per altres utilitzacions es requereix l'autorització prèvia i expressa de la persona autora. En 
qualsevol cas, en la utilització dels seus continguts caldrà indicar de forma clara el nom i cognoms de la 
persona autora i el títol de la tesi doctoral. No s'autoritza la seva reproducció o altres formes d'explotació 
efectuades amb finalitats de lucre ni la seva comunicació pública des d'un lloc aliè al servei TDX. Tampoc 
s'autoritza la presentació del seu contingut en una finestra o marc aliè a TDX (framing). Aquesta reserva de 
drets afecta tant als continguts de la tesi com als seus resums i índexs. 
 
 
ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilización debe respetar los 

derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, así como en 
actividades o materiales de investigación y docencia en los términos establecidos en el art. 32 del Texto 
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorización 
previa y expresa de la persona autora. En cualquier caso, en la utilización de sus contenidos se deberá 
indicar de forma clara el nombre y apellidos de la persona autora y el título de la tesis doctoral. No se 
autoriza su reproducción u otras formas de explotación efectuadas con fines lucrativos ni su comunicación 
pública desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentación de su contenido en una 
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como 
a sus resúmenes e índices. 
 
 
WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It 

can be used for reference or private study, as well as research and learning activities or materials in the 
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and 
previous authorization of the author is required for any other uses. In any case, when using its content, full 
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit 
use or public communication from outside TDX service is not allowed. Presentation of its content in a window 
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis 
and its abstracts and indexes. 



 

Sabina Alegre Aragones 

Screening of modular sugar derived 

phosphite-based ligand libraries for  

M-catalyzed reactions. A green approach  

to catalysts discovery. 
 

PhD-Thesis 

Supervised by Prof. Montserrat Diéguez 

and Dr. Oscar Pàmies 

Departament de Química Física i Inorgànica 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 

TARRAGONA 

December 2013 

 

UNIVERSITAT ROVIRA I VIRGILI 
SCREENING OF MODULAR SUGAR DERIVED PHOSPHITE-BASED LIGAND LIBRARIES FOR M-CATALYZED 
REACTIONS. A GREEN APPROACH TO CATALYSTS DISCOVERY 
Sabina Alegre Aragonés 
Dipòsit Legal: T.194-2014 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
SCREENING OF MODULAR SUGAR DERIVED PHOSPHITE-BASED LIGAND LIBRARIES FOR M-CATALYZED 
REACTIONS. A GREEN APPROACH TO CATALYSTS DISCOVERY 
Sabina Alegre Aragonés 
Dipòsit Legal: T.194-2014 
 



 

UNIVERSITAT ROVIRA I VIRGILI 
Departament de Química Física i Inorgànica 
 

 

 

PROF. MONTSERRAT DIÉGUEZ FERNÁNDEZ i DR. OSCAR PÀMIES OLLÉ, Catedràtica i 

Professor Agregat del Departament de Química Física i Inorgànica de la Facultat de 

Química de la Universitat Rovira i Virgili 

 

FEM CONSTAR: 

 

Que la present memòria que porta per títol “Screening of modular sugar derived 

phosphite-based ligand libraries for M-catalyzed reactions. A green approach to 

catalysts discovery”, que presenta SABINA ALEGRE ARAGONES per a obtenir el 

grau de Doctor en Química, ha estat realitzada sota la nostra direcció al 

Departament de Química Física i Inorgànica de la Universitat Rovira i Virgili i 

compleix amb els requeriments per a poder optar a Menció Europea. 

 

 

Tarragona, Desembre de 2013 

 

 

Prof. Montserrat Diéguez Fernández    Dr. Oscar Pàmies Ollé 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
SCREENING OF MODULAR SUGAR DERIVED PHOSPHITE-BASED LIGAND LIBRARIES FOR M-CATALYZED 
REACTIONS. A GREEN APPROACH TO CATALYSTS DISCOVERY 
Sabina Alegre Aragonés 
Dipòsit Legal: T.194-2014 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
SCREENING OF MODULAR SUGAR DERIVED PHOSPHITE-BASED LIGAND LIBRARIES FOR M-CATALYZED 
REACTIONS. A GREEN APPROACH TO CATALYSTS DISCOVERY 
Sabina Alegre Aragonés 
Dipòsit Legal: T.194-2014 
 



 

Agraïments /Acknowledgements 

 Els agraïments semblen la part més fàcil d’escriure, el que es pot deixar 
per l’últim moment, però no es així perquè realment es una part complexa i difícil, 
ja que intentar expressar en paraules escrites el que un sent no és gaire fàcil… 
En aquestes línies intentaré agrair el millor que pugui a la gent que m’ha ajudat, 
aguantat i animat en aquest llarg i complex camí. 
 
 Aquí primer m’agradaria donar les gràcies són als meus directors de tesi, la 
Prof. Montserrat Diéguez i el Dr. Oscar Pàmies perquè sense ells no estaria 
escrivint aquestes línees. Moltes gràcies per donar-me aquesta gran oportunitat (i 
jo que només venia a consultar un altre tema i vaig sortir amb una oferta de 
doctorat XD), i per creure i seguir lluitant i confiant en mi quan van venir 
maldades.  
 
 Durant la meva estància a Sassari vaig tenir la sort de poder conèixer i 
contar amb una de les millors investigadores que he conegut, la professora i Dra. 
Elisabetta Alberico: “I want to thank that you would allow me to work and learn 
from you and especially that you were like a second mum to me, taking care of me, 
worrying and helping in everything I needed. And I reiterated what I said you, you 
have the doors of my home open. Many, many thanks for all”. 
 
 També voldria agrair als meus companys de departament, els que encara 
hi son i els que ja han marxat (l’Eva, l’Ariadna, gracies pels ànims i pels consells) i 
sobretot als meus companys de grup. Mercè moltes gràcies per ensenyar-me al 
començament i ajudar-me quan ho he necessitat. Javi moltes gràcies per ser una 
“enciclopèdia amb potes” i ajudar-me en la síntesis dels lligands, espero que 
estiguis cuidant bé del Cthulhu. Jessica ànims que ja veuràs com al final tot surt, no 
desesperis. Marc, el Javi va deixar el llistó molt alt, però tu l’estàs cobrint de sobrés 
moltes gràcies per ser com ets. Carlota ha estat un plaer poder treballar les dues 
juntes a part q formem bon equip ;), cuida molt bé de la meva vitrina!!! 
 
 Voldria donar les gràcies també a una persona molt especial el Dr. Juan 
Abraldes González: “Como te dije, sigo pensando que yo no estaría aquí si no fuera 
por ti. Durante este tiempo has sido un punto de apoyo muy importante para mí, 
ya que siempre he tenido la seguridad que si te necesitaba estarías allí. Muchas 
gracias por ser un gran medico y una gran persona y por correr cuando me ha 
pasado alguna de las mías. Y como no: “Gracias por seguir confiando en nosotros”. 
 
 Durant la meva estància de doctorat a Sassari vaig conèixer a gent molt 
gran i especial que em van acceptar tal com soc i em van fer sentir una més. A mis 
vecinitos que conocí porque se fue la luz y a partir de entonces montamos un 

UNIVERSITAT ROVIRA I VIRGILI 
SCREENING OF MODULAR SUGAR DERIVED PHOSPHITE-BASED LIGAND LIBRARIES FOR M-CATALYZED 
REACTIONS. A GREEN APPROACH TO CATALYSTS DISCOVERY 
Sabina Alegre Aragonés 
Dipòsit Legal: T.194-2014 
 













































































































































































































































































































Asymmetric Pd-catalyzed allylic substitution 
 

 
141 

4.2 Asymmetric Pd-catalyzed allylic substitution using a thioether-

phosphite ligand library. 

Sabina Alegre, Carlota Borràs, Montserrat Diéguez, Oscar Pàmies in manuscript to 

be submitted 

Abstract. A series of readily available thioether-phosphite ligands have been 

tested in the Pd-catalyzed allylic substitution reactions of several linear substrates 

with different steric properties. Systematic variation of the thioether moiety, 

substituent at the alkyl backbone chain next to the phosphite moiety and the 

substituents/configurations in the biaryl phosphite group provide useful 

information about the ligand parameters that control the enantiodiscrimination. 

By carefully selecting the ligand parameters, full conversions and good 

enantioselectivities were obtained for several linear substrates (ee's up to 83 %). 

  

4.2.1 Introduction 

 The development of methods for enantioselective formation of carbon-

carbon and carbon-heteroatom bonds is one of the key issues in organic synthesis. 

A versatile method for achieving this is asymmetric palladium-catalyzed allylic 

substitution with several stabilized nucleophiles.1 Most of the successful ligands 

reported to date for this process have been designed using three main strategies. 

The first, developed by Hayashi and coworkers, involves a secondary interaction of 

the nucleophile with a side chain of the ligand to direct the approach of the 

nucleophile to one of the allylic terminal carbon atoms.1,2 The second strategy, 

developed by Trost and coworkers, increases the ligand’s bite angle to create a 

chiral cavity in which the allyl system is embedded.1,3 This idea made it possible for 

ligands with large bite angles to be successfully applied to the allylic substitution of 

sterically undemanding substrates. The third strategy, developed by groups led by 

Helmchen, Pfaltz and Williams, uses heterodonor ligands to electronically 

discriminate between the two allylic terminal carbon atoms because of the 

different trans influences of the donor groups.1, 4  This made it possible to 

successfully use a wide range of heterodonor ligands in allylic substitution 

reactions. Mixed phosphorus-nitrogen ligands have played a dominant role among 

the heterodonor ligands.1 To a lesser extent, thioether-phosphorus ligands have 

also demonstrated their potential utility in Pd-catalyzed asymmetric allylic 

substitution reactions.1h In this context, several combinations of P-S ligands mainly 
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thioether-phosphine5 and thioether-phosphinite6  have been studied and have 

proved to be effective. 

 Less attention has been paid to catalysts containing thioether-phosphite 

ligands7 despite that the presence of biaryl-phosphite moieties in ligand design has 

shown to be highly advantageous by overcoming the most common limitations of 

this process, such as low reaction rates and high substrate specificity.1j,8 There is 

only one report on the use of thioether-phosphite ligands in this process but with 

moderate success (Figure 4.2.1).   

 

 
Figure 4.2.1. Previously applied thioether-phosphite ligands. 

 Therefore, a study of the possibilities offered by thioether-phosphite as 

new ligands for this process is still needed. For this purpose, in this chapter we 

have applied the previously reported thioether-phosphite ligands (L1-L8a-e; Figure 

4.2.2) in the asymmetric Pd-catalyzed allylic substitution reactions. These ligands 

combine the advantages of the thioether and phosphite moieties (such as high 

resistance to oxidation and straightforward modular constructions)9,10 with the 

availability at low price of the backbone derived from L-(+)-tartaric acid.11 With this 

library we have been able to investigate the effect of systematically varying the 

electronic and steric properties of the thioether group (ligands L1-L7), the 

substituents in the alkyl backbone chain next to the phosphite moiety (ligands L1 

and L8) and the substituents/configurations in the biaryl phosphite moiety (a-e). 

By carefully selecting the ligand parameters, full conversions and good 

enantioselectivities were obtained for several linear substrates (ee's up to 83 %).  
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Figure 4.2.2. Thioether-phosphite ligands L1-L8a-e. 

4.2.2 Results and discussion 

4.2.2.1 Allylic substitution of disubstituted linear substrates 

 In this section, we report the use of the chiral thioether-phosphite ligand 

library (L1-L8a-e) in the Pd-catalyzed allylic substitution of linear disubstituted 

substrates with different steric properties (Eq. 1): rac-1,3-diphenyl-3-acetoxyprop-

1-ene (S1) (widely used as a model substrate); rac-(E)-ethyl-2,5-dimethyl-3-hex-4-

enylcarbonate (S2) and rac-1,3-dimethyl-3-acetoxyprop-1-ene (S3). In all the cases, 

the catalysts were generated in situ from the -allyl-palladium chloride dimer 

[PdCl(3-C3H5)]2 and the corresponding ligand. The nucleophile was generated 

from dimethyl malonate in the presence of N,O-bis(trimethylsilyl)-acetamide 

(BSA).1 

 

 
 

Allylic substitution of rac-1,3-diphenyl-3-acetoxyprop-1-ene S1 

 For an initial evaluation of the thioether-phosphite ligand library (L1-L8a-

e), we chose the Pd-catalyzed allylic substitution of S1 (Eq 1, R= Ph), which is 

widely used as a model substrate. Initially, we determined the optimal reaction 

conditions by conducting a first set of experiments in which the solvent and the 

ligand-to-palladium ratio were varied. For this purpose, we studied the effect of 

four solvents (tetrahydrofuran, toluene, dimethylformamide and 

dichloromethane) at three ligand-to-palladium ratios (L/Pd= 0.75, L/Pd= 1.1 and 
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L/Pd= 2) with ligand L1a. The results show that the efficiency of the process 

depended on the nature of the solvent and ligand-to-palladium ratio (Table 4.2.1). 

The optimum trade-off between activities and enantioselectivities was obtained by 

using dichloromethane as the solvent. Enantioselectivities dropped when an 

excess of ligand were used (entries 1-3). The use of DMF as a solvent has also a 

negative effect on enantioselectivity (entry 6). This can be explained by the 

formation of a less selective PdL2 species,12 due to the presence of excess of ligand 

or to DMF coordination to Pd. Interestingly, a clear kinetic resolution (KR) of the 

substrate was observed in all the solvents except DMF. However, the kinetic 

resolution in THF is advantageous, because it provides higher enantioselectivities 

in product S1 than in dichloromethane or toluene (entry 4 vs 5 and 7). 

 

Table 4.2.1 Pd-catalysed allylic substitution of S1 using ligand L1a. Effect of the solvent and 

ligand-to-palladium ratio.
a
 

Entry L/Pd Solvent % Conv (h)
b 

% ee 1
c 

% ee S1
c 

k(R)-S1 / k(S)-S1
d 

1 0.75 DCM 100 (3) 17 (S) - - 

2 1.1 DCM 100 (3) 18 (S) - - 

3 2 DCM 100 (3) 11 (S) - - 

4 1.1 THF 90 (3) 17 (S) 95 (R) 3.2 

5 1.1 Toluene 64 (3) 16 (S) 35 (R) 2.0 

6 1.1 DMF 100 (3) 4 (S) - - 

7 1.1 DCM 93 (1.5) 18 (S) 52 (R) 1.5 
a All reactions were run at room temperature. 0.5 mol% [PdCl(3-C3H5)]2.  S1 (1 mmol), solvent (2 mL), BSA (3 eq), 
dimethyl malonate (3 eq), KOAc (pinch). b Conversion percentage determined by 1H-NMR. c Enantiomeric 
excesses determined by HPLC on a Chiralcel-OJ column. Absolute configuration drawn in parentheses. d 
Calculated from kR/KS= ln[(1-Conv/100)(1-ee/100)]/ ln[(1-Conv/100)(1+ee/100)].13 
 

 Under the optimized conditions (i.e. a ligand-to-palladium ratio of 1.1 and 

dichloromethane as the solvent) we tested the remaining ligands. Table 4.2.2 

shows the results. They indicate that enantioselectivities are highly affected by the 

thioether substituent, the substituents in the alkyl backbone chain next to the 

phosphite moiety and the configuration of the biaryl phosphite moiety. However, 

the effect of the ligand parameters in activity is less pronounced. Full conversions 

and enantioselectivities up to 80% were obtained with ligand L8d. 

We first investigated the effect of the substituents/configurations at the 

biaryl phosphite moiety with ligands L1a-e. The results indicated that the nature of 

the substituents at the biaryl phosphite moiety has no effect on 

enantioselectivities (Table 4.2.2, entries 1-3), while enantioselectivities are highly 

affected by the configuration of the biaryl phosphite moiety (Table 4.2.2, entries 4-
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5 vs 1-3).  Ligands containing an R-biaryl phosphite moiety (d) provide therefore 

higher enantioselectivities than ligands containing an S-biaryl group (e) (i.e. entry 4 

vs 5).  

Concerning the effect of the thioether substituent, the highest 

enantioselectivity of the series was achieved using a phenyl thioether substituent 

(i.e. Table 4.2.2; entry 4 vs 8, 11, 13, 15 and 17). 

Interestingly the introduction of methyl substituents at the alkyl backbone 

chain next to the phosphite moiety (ligands L8) has extremely positive effect on 

enantioselectivity (i.e. entry 4 vs 20).  

 

Table 4.2.2 Pd-catalysed allylic substitution of S1 using 

ligands L1-L8a-e.
a
 

Entry Ligand % Conv (h) % ee 

1 L1a 100 (3) 18 (S) 

2 L1b 100 (3) 17 (S) 

3 L1c 100 (3) 17 (S) 

4 L1d 100 (3) 33 (R) 

5 L1e 100 (3) 17 (S) 

6 L2a 100 (3) 4 (S) 

7 L3a 92 (3) 17 (R) 

8 L3d 96 (3) 23 (R) 

9 L3e 100 (3) 12 (S) 

10 L4a 100 (3) 11 (R) 

11 L4d 100 (3) 27 (R) 

12 L4e 100 (3) 14 (S) 

13 L5d 100 (3) 25 (R) 

14 L5e 100 (3) 0 

15 L6d 100 (3) 22 (R) 

16 L6e 100 (3) 4 (R) 

17 L7d 100 (3) 14 (R) 

18 L7e 100 (3) 4 (R) 

19 L8a 100 (3) 40 (R) 

20 L8d 100 (3) 80 (R) 

21 L8e 100 (3) 10 (R) 
a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), S1 (1 mmol), CH2Cl2 (2 
mL), BSA (3 eq), dimethyl malonate (3 eq), KOAc (pinch). b Conversion 
percentage determined by 1H-NMR. c Enantiomeric excesses 
determined by HPLC on a Chiralcel-OJ column. Absolute configuration 
drawn in parentheses. 
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Allylic substitution of rac-(E)-ethyl-2,5-dimethyl-3-hex-4-enylcarbonate S2 

 We next screened the thioether-phosphite ligand library L1-L8a-e in the 

allylic substitution process of S2 using dimethyl malonate as nucleophile (Eq 1, R= 
iPr, LG= OCO2Et). This substrate is more sterically demanding than substrate S1, 

which we used before.1 If ee’s are to be high, the ligand must create a bigger chiral 

pocket around the metal center to be able to accommodate the sterically 

demanding isopropyl substituents.1 Due to the flexibility conferred by the biaryl 

phosphite moiety, we expect to obtain also good enantioselectivities for this 

substrate. The most interesting results are shown in Table 4.2.3. In general, the 

trends were the same as for the allylic substitution of S1.  

 

Table 4.2.3 Pd-catalysed allylic substitution of S2 using 

ligands L1-L8a-e.
a
 

Entry Ligand % Conv (h) % ee 

1 L1a 100 (24) 21 (R) 

2 L1b 100 (24) 22 (R) 

3 L1c 100 (24) 20 (R) 

4 L1d 100 (24) 38 (S) 

5 L1e 100 (24) 20 (R) 

6 L2a 100 (24) 7 (R) 

7 L3a 99 (24) 19 (S) 

8 L3d 100 (24) 26 (S) 

9 L3e 100 (24) 17 (R) 

10 L4a 100 (24) 15 (S) 

11 L4d 100 (24) 34 (S) 

12 L4e 100 (24) 19 (R) 

13 L5d 100 (24) 31 (S) 

14 L5e 100 (24) 4 (R) 

15 L6d 100 (24) 29 (S) 

16 L6e 100 (24) 9 (S) 

17 L7d 100 (24) 19 (S) 

18 L7e 100 (24) 7 (S) 

19 L8a 100 (24) 42 (S) 

20 L8d 100 (24) 83 (S) 

21 L8e 100 (24) 12 (S) 
a All reactions were run at room temperature. 1 mol% [PdCl(3-
C3H5)]2. L/Pd= 1.1. CH2Cl2 as solvent. b Conversion percentage 
determined by 1H-NMR. c Enantiomeric excesses determined by 1H-
NMR using Eu(hfc)3. Absolute configuration drawn in parentheses. 
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 Again, the catalyst precursor containing thioether-phosphite ligand L8d 

provided the best enantioselectivity (ee's up to 83%; Table 4.2.3, entry 20). As 

expected, the activities were lower than in the alkylation reaction of S1.1 The 

stereoselectivity of the alkylation of S2 was the same as for the alkylation reaction 

of S1, though the CIP descriptor was inverted because of the change in the priority 

of the groups. 

 

Allylic substitution of rac-1,3-dimethyl-3-acetoxyprop-1-ene S3  

 Finally, we also screened the thioether-phosphite ligand library L1-L8a-e in 

the allylic alkylation of the linear substrate S3 (Eq 1, R= Me). This substrate is less 

sterically demanding than substrates S1-S2. The enantioselectivity for S3 is 

therefore more difficult to control than with hindered substrates such as S1. If ee 

values are to be high, the ligand must create a small chiral pocket around the 

metal center, mainly because of the presence of less sterically demanding methyl 

syn substituents.1 There are therefore fewer successful catalytic systems for the 

Pd-catalyzed allylic substitution of this substrate than for the allylic substitution of 

hindered substrate S1. 7b,14 Due to the presence of a bulky biaryl phosphite moiety 

in ligands L1-L8a-e, which are known to be flexible and to provide large bite 

angles, we expected to be able to tune the size of the chiral pocket appropriately. 

 Table 4.2.4 summarizes the results of using the thioether-phosphite ligand 

library. Again, enantioselectivities were affected by the substituents in both the 

thioether and alkyl backbone chain next to the phosphite moiety and by the 

configuration of the biaryl phosphite group. However, the effect of the thioether 

substituent on enantioselectivity was different from their effect on the alkylation 

of hindered substrates S1-S2. Thus, the presence of a 2-naphthyl thioether 

substituent increases the enantioselectivity from 29% ee (for a phenyl thioether 

substituent) to 40% ee (entries 4 vs 17). Nonetheless, the positive effect on 

enantioselectivity of introducing methyl substituents at the alkyl backbone chain is 

more pronounced than the effect of the thioether substituent (Table 4.2.4, entry 

17 vs 20). Despite having a phenyl thioether substituent, the best 

enantioselectivity was therefore obtained with ligand L8d, which contains a methyl 

substituent at the alkyl backbone chain and an R-configuration at the biaryl 

phosphite moiety (ee's up to 64%, entry 20). 
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Table 4.2.4. Pd-catalysed allylic substitution of S3 using 

ligands L1-L8a-e.
a
 

Entry Ligand % Conv (h) % ee 

1 L1a 100 (6) 11 (R) 

2 L1b 100 (6) 9 (R) 

3 L1c 100 (6) 10 (R) 

4 L1d 100 (6) 29 (S) 

5 L1e 100 (6) 12 (R) 

6 L2a 100 (6) 3 (R) 

7 L3a 100 (6) 15 (R) 

8 L3d 100 (6) 21 (S) 

9 L3e 100 (6) 19 (R) 

10 L4a 100 (6) 8 (R) 

11 L4d 100 (6) 22 (S) 

12 L4e 100 (6) 15 (R) 

13 L5d 100 (6) 20 (S) 

14 L5e 100 (6) 10 (R) 

15 L6d 100 (6) 24 (S) 

16 L6e 100 (6) 7 (R) 

17 L7d 100 (6) 40 (S) 

18 L7e 100 (6) 8 (R) 

19 L8a 100 (6) 8 (R) 

20 L8d 100 (6) 64 (S) 

21 L8e 100 (6) 29 (R) 
a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), S3 (1 mmol), CH2Cl2 (2 
mL), BSA (3 eq), dimethyl malonate (3 eq), KOAc (pinch). b Conversion 
measured by GC. Reaction time shown in parentheses. c Enantiomeric 
excesses measured by GC. The absolute configuration appears in 
parentheses. 

 

4.2.3 Conclusions 

 A library of thioether-phosphite ligands, derived from L-(+)-tartaric acid, 

has been evaluated in the Pd-catalyzed allylic substitution reactions of linear 

substrates with different steric properties. Systematic variation of the ligand 

parameters indicates that the introduction of a substituent at the alkyl backbone 

chain next to the phosphite moiety and the presence of an R-biaryl phosphite 

group have an extremely positive effect on enantioselectivity. By carefully 

selecting the ligand parameters, full conversions and good enantioselectivities 

were therefore obtained for several linear substrates (ee's up to 83 %).  
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4.2.4 Experimental Section 

4.2.4.1 General Considerations 

 All syntheses were performed by using standard Schlenk techniques under 

an argon atmosphere. Solvents were purified by standard procedures. The 

synthesis of ligands L1-L8a-e has been previously described in Chapter 3.2. 

Racemic substrates S1-S3 were prepared as previously reported.15,16  All other 

reagents were used as commercially available. 1H-NMR spectra were recorded 

using a 400 MHz spectrometer. Chemical shifts are relative to that of SiMe4 as 

internal standard. 

 
4.2.4.2 Typical procedure for the allylic alkylation of S1-S3 

 A degassed solution of [PdCl(3-C3H5)]2 (1.8 mg, 0.005 mmol) and the 

thioether-phosphite ligand (0.011 mmol) in dichloromethane (0.5 mL) was stirred 

for 30 min. Subsequently, a solution of substrate (1 mmol for S1 and S3, and 0.5 

mmol for S2) in dichloromethane (1.5 mL), dimethyl malonate (171 L, 1.5 mmol), 

N,O-bis(trimethylsilyl)-acetamide (370 L, 1.5 mmol) and a pinch of KOAc were 

added. The reaction mixture was stirred at room temperature. After the desired 

reaction time, the reaction mixture was diluted with Et2O (5 mL) and a saturated 

NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) 

and the extract dried over MgSO4. For compound 1, solvent was removed and 

conversion was measured by 1H-NMR. To determine the ee by HPLC (Chiralcel OJ, 

13% 2-propanol/hexane, flow 0.5 mL/min), a sample was filtered over basic 

alumina using dichloromethane as the eluent.7 For compound 2, the conversion 

was measured by 1H-NMR and the ee was determined by 1H-NMR using 

[Eu(hfc)3].
6b For compound 3 conversion and enantiomeric excess were 

determined by GC.17 
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4.3 Asymmetric Pd-catalyzed allylic substitution using a furanoside 

monophosphite ligand library. Scope and limitations. 

Sabina Alegre, Montserrat Diéguez, Oscar Pàmies in manuscript to be submitted  

Abstract. We have applied a modular sugar-based phosphite ligand library for the 

Pd-catalyzed allylic substitution reactions of several substrates. These ligands are 

derived from D-(+)-glucose, D-(+)-galactose and D-(+)-fructose, which lead to a 

wide range of sugar backbones, and contain several substituents at C-3 of the 

furanoside backbone and several substituents/configurations in the biaryl moiety, 

with different steric and electronic properties. Systematic variation of the ligand 

parameters indicates that the catalytic performance (activities and 

enantioselectivities) is highly affected by sugar backbone, the substituents at the 

C-3 of the furanoside backbone, the configurations at carbon C-3 and C-4 of the 

ligand backbone and the type of substituents/configurations in the biaryl 

phosphite moiety as well as the substrate type. While for disubstituted substrates 

moderate enantioselectivities (up to 76%) were therefore achieved using ligand 

L14f, the highest enantioselectivity (up to 40%) for monosubstituted substrate was 

obtained using ligand L17a. 

4.3.1 Introduction 

 Palladium-catalyzed asymmetric allylic alkylation is a useful synthetic 

method for the enantioselective formation of C-C bonds.1 The selection of chiral 

ligands for highly enantioselective allylic substitution has focussed on the use of 

bidentated nitrogen and phosphorus donors (both homo- and heterodonors).1 Less 

attention has been paid to catalysts containing monodentated ligands in this 

process. However, in 2000, the groups of RajanBabu and Zhang obtained an 

enantioselectivity of 94% with catalysts precursors containing monophospholane 

ligands in the Pd-catalyzed allylic alkylation to rac-1,3-diphenyl-3acetoxyprop-1-

ene.2 Despite this success, few monophosphorus ligands have been applied in the 

Pd-catalyzed asymmetric allylic substitution.3 This encourages further research 

into monophosphorus ligands to study their possibilities as a new class of ligands 

for this process. Recently, a group of less electron-rich phosphorus compounds –

biaryl phosphite-based ligands – have also demonstrated their potential utility by 

overcoming the most common limitations of this process, such as low reaction 
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rates and high substrate specificity.1i, 4  Therefore, these ligand systems have 

provided excellent enantioselectivities and activities in different substrate types.4 

 Following our interest in modular -acceptor ligands4 and encouraged by 

the success of monophosphorus ligands, we report here the design of a library of 

chiral monophosphite ligands L9-L19a-c,f-g (Figure 4.3.1) and screen their use in 

the palladium allylic substitution reaction of several substrate types. These ligands 

are derived from natural D-(+)-glucose, D-(+)-galactose and D-(+)-fructose and 

have the advantage of carbohydrate and phosphite ligands, such as availability at 

low price from readily available alcohols and facile modular constructions.5 In 

addition they are less sensitive to air than typical phosphines, widely used as 

ligands in asymmetric catalysis. All these favourable features enable series of chiral 

ligands to be synthesized and screened in the search for high activity and 

selectivity. Although carbohydrate-based bidentate ligands have been successfully 

used in some enantioselective reactions,5 few good monodentated chiral ligands 

have been reported based on carbohydrates.6,7 

 

 
Figure 4.3.1. Furanoside monophosphite ligand library L9-L19a-c,f-g. 
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4.3.2 Results and discussion 

4.3.2.1 Ligand design 

 The sugar-based monophosphite ligands are derived from D-(+)-glucose, D-

(+)-galactose and D-(+)-fructose, which lead to a wide range of sugar backbones 

(L15-L19), and contain several substituents at C-3 of the furanoside backbone (L9-

L14) and substituents/configurations in the biaryl moiety (a-c,f-g), with different 

steric and electronic properties, whose effect on the catalytic performance will be 

studied. Therefore, ligands L9-L19a-c,f-g consist of chiral di-O-protected either 

furanoside (ligands L9-L17) or pyranoside (ligands L18 and L19) backbones, which 

determine their underlying structure, and one hydroxyl group. Several phosphoric 

acid biaryl esters (a-c,f-g) were attached to these basic frameworks (Figure 4.3.1). 

 The influence of the different groups attached to the ortho- and para-

positions of the biphenyl moieties on enantioselectivity was investigated using 

ligands L15a-c, which have the same configuration on the carbon atom C-3. To 

determine whether there is a cooperative effect between the stereocenters of the 

ligand backbone and the configuration of the biaryl phosphite moieties, we 

prepared a series of enantiomerically pure binaphthol-based ligands L9-L10f-g and 

L15-L16f-g. 

 We studied the effects of the stereogenic carbon atom C-3 on 

enantioselectivity by comparing diastereomeric ligands L9 and L10 and L15 and 

L16, respectively, which have opposite configuration at C-3. The influence of the 

configuration of carbon atom C-4 in the catalytic performance was studied using 

ligands L15 and L17 which only differ in the configuration at C-4. 

 We also studied the effect of a range of substituents at C-3 of the 

furanoside backbone with ligands L9-L14. These ligands contain substituents with 

different electronic and steric properties at C-3 of the sugar backbone. 

 The influence of the carbohydrate ring size in the catalytic performance of 

the Pd-catalysts was studied with ligands L18, which have a pyranoside backbone 

and the same configuration at C-3 than furanoside ligand L15. Finally, with ligands 

L19 we studied how the flexibility of the ligand backbone may affect the catalytic 

performance. These ligands also have a pyranoside backbone as ligands L18, but 

differ from the rest of ligands in a phosphite moiety attached to a primary alcohol, 

providing a more flexible ligand. 
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4.3.2.2 Allylic substitution of disubstituted linear substrates 

 In this section, we report the use of the chiral phosphite ligand library (L9-

L19a-c,f-g) in the Pd-catalyzed allylic alkylation (Eq 1) of three disubstituted linear 

substrates with different steric properties: rac-1,3-diphenyl-3-acetoxyprop-1-ene 

S1, rac-(E)-ethyl-2,5-dimethyl-3-hex-4-enylcarbonate S2 and rac-1,3-dimethyl-3-

acetoxyprop-1-ene S3. In all the cases, the catalysts were generated in situ from 

0.5 mol % of -allyl-palladium chloride dimer [PdCl(3-C3H5)]2 and the 

corresponding ligand.1  

 

 
 

 We first investigated the Pd-catalyzed allylic substitution of rac-1,3-

diphenyl-3-acetoxyprop-1-ene S1, which is widely used as a model substrate. The 

effect of the solvent and the ligand-to-palladium ratio were investigated using the 

catalyst precursor containing ligand L16b (Table 4.3.1). The results indicated that 

solvent affected catalytic performance. The optimum trade-off between 

enantioselectivities and activities was obtained when dichloromethane was used 

as a solvent (Table 4.3.1, entry 4). We next studied the effect of the ligand-to-

palladium ratio. As expected the catalytic performance were best with a ligand-to-

palladium ratio of 2 (Table 4.3.1, entries 4 vs 5). 

 

Table 4.3.1. Pd-catalyzed allylic alkylation of 1,3-diphenyl-3-

acetoxyprop-1-ene S1 using ligands L16b.
a
 

Entry Solvent Ratio L/Pd % Conv (h)
b 

 % ee
c
 

1 DMF 2 43 (4) 11 (S) 

2 Toluene 2 9 (8) 19 (S) 

3 THF 2 24 (4) 17 (S) 

4 CH2Cl2 2 31 (4) 23 (S) 

5 CH2Cl2 1 14 (4) 20 (S) 
a 0.5 mol% [Pd(-C3H5)Cl]2, room temperature, 30 min; 3 equiv of CH2(COOMe)2 and N,O-
bis(trimethylsilyl)acetamide (BSA), a pinch of KOAc, room temperature. b Measured by 1H 
NMR. Reaction time shown in parentheses. c Determined by HPLC (Chiralcel OD). 
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 Under the optimized conditions, we first evaluated the rest of phosphite 

ligands in the Pd-catalyzed allylic substitution of rac-1,3-diphenyl-3-acetoxyprop-1-

ene S1. The results, which are summarized in Table 4.3.2, indicate that the 

catalytic performance (activities and enantioselectivities) is highly affected by the 

substituents at C-3 of the furanoside backbone, the substituents/configuration of 

the biaryl moiety, the configuration of carbon atoms C-3 and C-4 and the size of 

the ring of the sugar backbone.  

 The results using ligands L9-L10a,f-g and L15-L16a-c,f-g allow us to study 

the influence of the substituents/configuration of the biaryl moiety on the product 

outcome (Table 4.3.2, entries 1-6 and 11-20). We found that the presence of bulky 

substituents at the ortho positions of the biphenyl phosphite moiety has a 

negative effect on activity. Activities were therefore best when binaphthyl 

phosphite moieties (f,g) were present. The effect of the biaryl groups on 

enantioselectivity depends on the substituents attached to C-3 of the furanoside 

backbone. For ligands L9-L10, containing a methyl substituent at C-3, the highest 

enantioselectivities were achieved with an R-binaphthyl phosphite moiety (f; Table 

4.3.2, entries 2 and 5). However, for ligands L15 and L16, without the methyl 

substituent at C-3, the best enantioselectivities were achieved with ligands 

containing trimethylsilyl substituents at the ortho positions of the biphenyl 

phosphite moiety (c; Table 4.3.2, entries 13 and 18). 

 We next studied the effect of the substituents attached to C-3 of the 

furanoside backbone with ligands L10-L14. The results indicated that the highest 

enantioselectivities were obtained using ligand L14f, with a phenyl substituent at 

C-3 (Table 4.3.2, entry 10). 

 Comparing the results using ligands L15 with L16, that only differ in the 

configuration at C-3, we observed that this configuration controls the sense of 

enantioselectivity. Accordingly, ligands L15a-c,f-g with an S configuration at the C-

3 of the ligand backbone, gave the R-1 product, while ligands L16a-c,f-g with an R 

configuration at C-3 gave S-1 product (Table 4.3.2, entries 11-15 vs 16-20).  

Furthermore, comparing ligands L15f-g and L16f-g, we found a cooperative effect 

between the configuration of the binaphthyl phosphite moiety and the 

configuration at C-3, that results in a matched combination for ligand L16f (Table 

4.3.2, entry 19). The results also showed that ligand L17 with an S configuration at 

C-4 gave lower enantioselectivity than ligands L15 with an opposite configuration 

at this position (Table 4.3.2, entry 21 vs 11). In addition, ligands L18 which have a 

pyranoside backbone provided lower yields and enantioselectivities than their 
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relative furanoside ligands L15 (Table 4.3.2, entries 22-23 vs 11-12). Finally, the 

most flexible ligand L19, which has the phosphite moiety attached to a primary 

carbon, provided the lowest enantioselectivity (Table 4.3.2, entry 24). 

  

Table 4.3.2. Pd-catalyzed allylic alkylation of substrates S1-S3 in CH2Cl2 

using ligands L9-L19a-c,f-g.
a
 

Entry Substrate Ligand % Conv (h)
b 

 % ee
c
 

1 S1 L9a 48 (4) 6 (R) 

2 S1 L9f 100 (4) 12 (R) 

3 S1 L9g 100 (4) 10 (R) 

4 S1 L10a 57 (4) 12 (S) 

5 S1 L10f 100 (4) 37 (S) 

6 S1 L10g 40 (4) 4 (S) 

7 S1 L11f 100 (4) 36 (S) 

8 S1 L12f 42(4) 12 (S) 

9 S1 L13f 100 (4) 39 (S) 

10 S1 L14f 100 (4) 65 (S) 

11 S1 L15a 84 (4) 22 (R) 

12 S1 L15b 35 (4) 31 (R) 

13 S1 L15c 42 (4) 40 (R) 

14 S1 L15f 100 (4) 18 (R) 

15 S1 L15g 100 (4) 19 (R) 

16 S1 L16a 81 (4) 20 (S) 

17 S1 L16b 31 (4) 23 (S) 

18 S1 L16c 53 (4) 41 (S) 

19 S1 L16f 100 (4) 28 (S) 

20 S1 L16g 100 (4) 16 (S) 

21 S1 L17a 64 (4) 15 (R) 

22 S1 L18a 8 (4) 14 (R) 

23 S1 L18b 10 (4) 15 (R) 

24 S1 L19a 82 (4) 11 (S) 

25
d 

S1 L14f 29 (8) 72 (S) 

26 S2 L14f 94 (24) 66 (R)
e 

27 S3 L14f 46 (24) 42 (S)
f 

a 0.5 mol% [Pd(-C3H5)Cl]2, 2 mol% ligand, room temperature, 30 min; 3 equiv of 
CH2(COOMe)2 and N,O-bis(trimethylsilyl)acetamide (BSA), a pinch of KOAc, room 
temperature. b Measured by 1H NMR. Reaction time shown in parentheses. c 
Determined by HPLC (Chiralcel OD).d T= 0 °C. e Measured by 1H NMR using Eu(hfc)3. 

f 
Measured by GC. 
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 In addition to the effect of structural parameters on enantioselectivity, the 

reaction parameters can also be controlled to further improved selectivity. In this 

case, enantioselectivity was further improved (ee's up to 72%) with ligand L14f by 

lowering the reaction temperature to 0 °C (Table 4.3.2, entry 25). 

 We then tested ligand L14f (the one that provided the best result in the 

alkylation of S1) in the allylic alkylation of more hindered linear substrate S2 and 

unhindered linear substrate S3 (Eq 1). For hindered substrate S2, similar 

enantioselectivities (66% (R) ee) than S1 were achieved (Table 4.3.2, entry 26). 

Substrate S3 is less sterically demanding than substrates S1 and S2. The 

enantioselectivity for S3 is therefore more difficult to control than with hindered 

substrates such as S1.1 Unfortunately, the Pd-L14f catalytic system provided 

moderate enantioselectivity (ee's up to 42%; Table 4.3.2, entry 27). 

 

4.3.2.3 Allylic substitution of cyclic substrate 

 To further study the potential of ligands L9-L19a-c,f-g, we also tested the 

them in the allylic alkylation of cyclic substrate S4. As for unhindered linear 

substrate S3, enantioselectivity in cyclic substrates is difficult to control mainly 

because of the presence of less sterically anti substituents (Eq 2). These anti 

substituents are thought to play a crucial role in the enantioselection observed 

with cyclic substrates in the corresponding Pd-allyl intermediates.1  

 

 
 

 The results are summarized in Table 4.3.3. The results followed a similar 

trend to that observed for S1. Again, the best enantioselectivity was achieved 

using Pd/L14f catalytic system (ee's up to 44%). As observed for linear substrates, 

changing the solvent from dichloromethane to other solvents did not increase 

enantioselectivity (Table 4.3.3, entries 5 vs 13-15). 
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Table 4.3.3. Selected results for the Pd-catalyzed allylic alkylation of 

rac-3-acetoxy-cyclohexene S4 using ligands L9-L19a-c,f-g.
a
 

Entry Solvent Ligand % Conv (h)b  % eec 

1 CH2Cl2 L9f 52 (24) 7 (R) 

2 CH2Cl2 L9g 48 (24) 9 (R) 

3 CH2Cl2 L10f 54 (24) 29 (S) 

4 CH2Cl2 L10g 62 (24) 7 (S) 

5 CH2Cl2 L14f 49 (24) 44 (S) 

6 CH2Cl2 L15a 19 (24) 11 (R) 

7 CH2Cl2 L15f 39 (24) 9 (R) 

8 CH2Cl2 L15g 47 (24) 6 (R) 

9 CH2Cl2 L16a 11 (24) 9 (S) 

10 CH2Cl2 L16f 100 (24) 8 (S) 

11 CH2Cl2 L16g 100 (24) 2 (S) 

12 CH2Cl2 L17a 100 (24) 2 (R) 

13 DMF L14f 84 (24) 8 (S) 

14 THF L14f 27 (24) 37 (S) 

15 Toluene L14f 12 (24) 32 (S) 
a 0.5 mol% [Pd(-C3H5)Cl]2, 2 mol% ligand, room temperature, 30 min; 3 equiv of 
CH2(COOMe)2 and N,O-bis(trimethylsilyl)acetamide (BSA), a pinch of the corresponding 
base, room temperature. b Measured by GC. Reaction time shown in parentheses. 
c Determined by GC. 

 

4.3.2.4 Allylic substitution of monosubstituted linear substrates 

 Finally, we also examined the regio- and stereoselective allylic alkylation of 

1-(1-naphthyl)allyl acetate S5 with dimethyl malonate (Eq 3). It is not only the 

enantioselectivity of the process that needs to be controlled for this substrate; the 

regioselectivity is also a problem, because a mixture of regioisomers may be 

obtained. Most Pd-catalysts developed to date favor the formation of achiral linear 

product 6 rather than the desired branched isomer 5. Therefore, the development 

of highly regio- and enantioselective Pd-catalysts is still a challenge.4d,8  
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 The results obtained with the phosphite ligands are summarized in Table 

4.3.4. Unfortunately, the enantioselectivities (ee’s up to 40%) were not high. 

However, good regioselectivities (regio’s up to 80%) have been obtained.9  

 

Table 4.3.4. Pd-catalyzed allylic alkylation of S5 in CH2Cl2 using 

ligands L19a-c,f-g.
a
 

Entry Ligand % Conv (h)
b 

 5/6
b
 % ee

c
 

1 L9a 100 (6) 80/20 9 (R) 

2 L9f 100 (6) 40/60 15 (R) 

3 L9g 100 (6) 25/75 0 

4 L10a 100 (6) 75/25 6 (R) 

5 L10f 100 (6) 20/80 12 (R) 

6 L10g 100 (6) 30/70 8 (R) 

7 L11f 100 (6) 25/75 14 (R) 

8 L12f 64 (6) 30/70 6 (R) 

9 L13f 97 (6) 25/75 18 (R) 

10 L14f 85 (6) 25/75 24 (R) 

11 L15a 100 (6) 75/25 9(R) 

12 L15b 100 (6) 80/20 7 (R) 

13 L15c 100 (6) 80/20 18 (R) 

14 L15f 100 (6) 35/65 17 (S) 

15 L15g 100 (6) 20/80 0 

16 L16a 100 (6) 70/30 21 (R) 

17 L16b 100 (6) 75/25 10 (R) 

18 L16c 100 (6) 60/40 <5 (R) 

19 L16f 100 (6) 20/80 18 (R) 

20 L16g 100 (6) 25/75 3 (S) 

21 L17a 100 (6) 45/55 40 (R) 

22 L18a 100 (6) 30/70 <5 (R)  

23 L18b 100 (6) 35/65 <5 (S) 

24 L19a 100 (6) 70/30 25 (R) 
a 0.5 mol% [Pd(-C3H5)Cl]2, 2.2 mol% ligand, room temperature, 30 min; 3 
equiv of CH2(COOMe)2 and N,O-bis(trimethylsilyl)acetamide (BSA), a pinch of 
the corresponding base, room temperature. b Measured by 1H NMR. Reaction 
time shown in parentheses. c Determined by HPLC (Chiralcel OJ). 

  

 The results indicated that if regioselectivity is to be high, bulky 

substituents at the ortho positions of the biaryl phosphite moiety and a furanoside 

backbone with an R configuration at C-4 (ligands L15-L16a-c) are necessary (entries 

11-13 and 16-18). However, enantioselectivities were best for furanoside ligand 
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L17a with S configurations at both C-3 and C-4 of the furanoside backbone (entry 

21). 
 

4.3.3 Conclusions 

 A library of readily available monophosphite ligands has been screened in 

the asymmetric Pd-catalyzed allylic alkylation of several substrates with different 

electronic and steric properties. By carefully designing this library we were able to 

systematically investigate the effect of varying the sugar backbone, the 

substituents at C-3 of the furanoside backbone, the configurations at carbon C-3 

and C-4 of the ligand backbone and the type of substituents/configurations in the 

biaryl phosphite moiety. In general, the catalytic performance (activities and 

enantioselectivities) is highly affected by these ligand parameters as well as the 

substrate. For disubstituted substrates S1-S4 enantioselectivities were best with 

ligand L14f (ee's up to 76%) while for monosubstituted substrate S5 ligand L17a 

provided the best ee’s (up to 40%). 

 

4.3.4 Experimental Section 

4.3.4.1 General Considerations 

 All syntheses were performed by using standard Schlenk techniques under 

argon atmosphere. Solvents were purified by standard procedures. Ligands L15-

L19a-c,f-g have been prepared as previously described.10 Ligands L9-L14a,f-g has 

been previously described in Chapter 3. Racemic substrates S1-S5 were prepared 

as previously reported.11 , 12 , 13  All other reagents were used as commercially 

available. 

 

4.3.4.2 Typical procedure of allylic alkylation of substrates S1-S4  

 A degassed solution of [Pd(-C3H5)Cl]2 (1.8 mg, 0.005 mmol) and the 

corresponding monophosphite (0.022 mmol) in dichloromethane (1 mL) was 

stirred for 30 min. Subsequently, a solution of corresponding substrate (1 mmol) in 

dichloromethane (1.5 mL), dimethyl malonate (342 L, 3 mmol), N,O-

bis(trimethylsilyl)-acetamide (740 L, 3 mmol) and a pinch of KOAc were added. 

The reaction mixture was stirred at room temperature. After the desired reaction 

time, the reaction mixture was diluted with Et2O (5 mL) and a saturated NH4Cl (aq) 

(25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) and the 
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extract dried over MgSO4. For substrate S1, conversion was measured by 1H-NMR 

and enantiomeric excess was determined by HPLC (Chiralcel-OD, 0.5% 2-

propanol/hexane, flow 0.5 mL/min).14  For substrate S2, the conversion was 

measured by 1H-NMR and the ee was determined by 1H-NMR using [Eu(hfc)3].
15 For 

substrates S3 and S4, conversion and enantiomeric excess were determined by GC 

using a FS-Cyclodex -I/P 25 m column.16  

 

4.3.4.3 Typical procedure of allylic alkylation of monosubstituted linear substrate 

S5 

 A degassed solution of [Pd(-C3H5)Cl]2 (1.8 mg, 0.005 mmol) and the 

corresponding monophosphite ligand (0.022 mmol) in dichloromethane (0.5 mL) 

was stirred for 30 min. Subsequently, a solution of substrate (0.5 mmol) in 

dichloromethane (1.5 mL), dimethyl malonate (171 L, 1.5 mmol), N,O-

bis(trimethylsilyl)-acetamide (370 L, 1.5 mmol) and a pinch of KOAc were added. 

The reaction mixture was stirred at room temperature. After the desired reaction 

time, the reaction mixture was diluted with Et2O (5 mL) and a saturated NH4Cl (aq) 

(25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) and the 

extract dried over MgSO4. Solvent was removed and conversion and 

regioselectivity were measured by 1H-NMR. To determine the ee by HPLC 

(Chiralcel-OJ, 3% 2-propanol/hexane, flow 0.7 mL/min), a sample was filtered over 

basic alumina using dichloromethane as the eluent.17 
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5. Asymmetric Ni-catalyzed 1,2-addition 

5.1 Background 

 The catalytic addition of organoaluminum reagents to aldehydes as a route 

to chiral alcohols has attracted much attention, since many chiral alcohols are 

highly valuable intermediates for preparing chiral pharmaceutical and agricultural 

products. Despite the organoaluminum reagents are economically obtained in 

industrial scale, their use is rare. In this respect, the few successful catalysts 

developed for the enantioselective addition of trialkylaluminum to aldehydes can 

be grouped in two types. The first group are the titanium complexes that usually 

afford high enantioselectivities, but the high catalyst loadings (10-20 mol %) and 

the slow turnover rate hamper their potential utility. The second ones are the 

recently studied nickel complexes that provide enantioselectivities similar to those 

using titanium complexes but with low catalyst loadings (1 mol %). For the latter 

group, few successful ligands have been developed. Most of them use chiral 

monodentated phosphoroamidite and phosphite ligands. Nevertheless, our group 

has demonstrated that bidentated phosphite-phosphoroamidite ligands are also 

able to induce high enantioselectivities.  

 With the aim to expand the range of successful ligands for this process, in 

this chapter, we report the application of the two sugar-based ligand libraries 

described in Chapter 3 (thioether-phosphite (L1-L8a-e) and monophosphite (L9-

L14a,f-g) in the asymmetric Ni-catalyzed 1,2-addition of trialkylaluminum reagents 

to aldehydes. More specifically, in section 5.2 we report the application of 

thioether-phosphite ligand library (L1-L8a-e), derived from L-(+)-tartaric acid. Our 

results indicated that selectivity depended strongly on the thioether substituent, 

the substituents in the alkyl backbone chain next to the phosphite moiety and the 

configuration at the biaryl phosphite moiety. The best enantioselectivities (ee’s up 

to 71%) were obtained using the catalysts precursor containing the thioether-

phosphite ligand L5a in the 1,2-addition of several aryl aldehydes. In section 5.3, 

we report the application of the modular sugar-based monophosphite ligand 

library L9-L14a,f-g for the Ni-catalyzed 1,2-addition of trialkylaluminum reagents to 

aldehydes. These ligands are based on previously developed successful furanoside 

monophosphite ligands, in which new substituents have been attached to C-3 of 

the furanoside backbone. We found that the introduction of a methyl substituent 

at C-3 of the sugar backbone in allofuranoside ligands is highly advantageous in 

terms of enantioselectivity (ee's increased from 44% to 84%). 
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5.2 Thioether-phosphite ligands derived from L-(+)-tartaric acid for the Ni-

catalyzed trialkylaluminum addition to aldehydes 

Sabina Alegre, Carlota Borràs, Montserrat Diéguez, Oscar Pàmies in manuscript to 

be submitted 

Abstract. We have described the first application of bidentated P,S-ligands in the 

asymmetric Ni-catalyzed trialkylaluminum addition to several aldehydes. The 

ligands are prepared from inexpensive L-(+)-tartaric acid and combine the 

advantages of a sugar core and the presence of both thioether and phosphite 

moieties (i.e. modular design at a low price and high stability towards oxygen and 

other oxidizing reagents). Good yields and moderate enantioselectivities have 

been achieved for a range of aryl aldehydes using several organoaluminum 

sources. 

5.2.1 Introduction 

 The catalytic asymmetric carbon-carbon bond formation is one of the most 

actively pursued areas of research in the field of asymmetric catalysis. In this 

context, the catalytic addition of organometallic reagents to aldehydes as a route 

to chiral alcohols has attracted much attention, since many chiral alcohols are 

highly valuable intermediates for preparing chiral pharmaceutical and agricultural 

products.1 For alkylation reagents, dialkylzinc compounds have played a dominant 

role;2 although trialkylaluminum compounds are more interesting than other 

organometallic reagents because they are economically obtained in industrial scale 

from aluminum hydride and olefins.3  Despite this advantage their use is rare.4,5  In 

this respect, the few most successful catalysts for the enantioselective addition of 

trialkylaluminum to aldehydes have been titanium complexes bearing chiral diols 

or N-sulfonylated amino alcohols as ligands.4 However, the high catalyst loadings 

needed and the slow turnover rate hamper the potential utility of these catalytic 

systems. This limitation has been overcome by using Ni-catalyst modified with 

chiral monodentated phosphoroamidite5a,b,f and phosphite5c ligands. More 

recently, our group found that the use of bidentated phosphite-

phosphoroamidite5e can also led to excellent enantioselectivities with low catalyst 

loadings. 

 To further expand the range of ligands and performance of this 

asymmetric nickel-catalyzed addition of organoaluminum reagents to aldehydes 

process, we report in this chapter the application of bidentated thioether-
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phosphite ligand library L1-L8a-e (Figure 5.2.1), described in Chapter 3.2. These 

ligands, which are derived from natural L-(+)-tartaric acid, have the advantage of 

sugar and phosphite ligands, such as availability at low price from readily available 

alcohols, high resistance to oxidation, and facile modular constructions. 6  In 

addition, the introduction of a thioether moiety in the ligand design may be 

beneficial, because the S atom becomes a stereogenic center when coordinated to 

metal, which moves the chirality closer to the metal.7  The highly modular 

construction of these ligands makes it easy for us to study the effect of: (a) 

systematically varying the electronic and steric properties of the thioether group 

(ligands L1-L7), (b) varying the substituents in the alkyl backbone chain next to the 

phosphite moiety (ligands L1 and L8); and (c) the effect of the substituents and 

configurations in the biaryl phosphite moiety (a-e). To the best of our knowledge 

this is the first example of bidentated P-S ligands applied to this process. 

 

 
Figure 5.2.1. Thioether-phosphite ligands L1-L8a-e. 

5.2.2 Results and discussion 

5.2.2.1 Asymmetric addition of trimethylaluminum to benzaldehyde S1 

 To make an initial evaluation of this new type of ligands (L1-L8a-e), we 

chose the nickel-catalyzed asymmetric addition of trimethylaluminum to 

benzaldehyde S1, which was used as the model substrate (Table 5.2.1).4,5 The 

catalytic system was generated in situ by adding the corresponding ligand to a 

suspension of the catalyst precursor [Ni(acac)2] (acac = acetylacetonate). 

 The results indicate that enantioselectivities are highly affected by the 

thioether substituent, the substituents in the alkyl backbone chain next to the 

phosphite moiety and the configuration of the biaryl phosphite moieties. In all 

cases excellent isolated yields (>88%) of the desired 2-phenylethanol have been 

obtained without excess of ligand needed. The best enantioselectivity (ee’s up to 
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61%, Table 5.2.1, entry 15) were obtained using ligand L5a, which has the 

appropriate combination of ligand parameters. 

 

Table 5.2.1. Ni-catalyzed asymmetric addition of AlMe3 to 

benzaldehyde using thioether-phosphite ligand library L1-L8a-e 

 
Entry Ligand L/Ni % Conv

b 
% Yield

c 
% ee

d 

1 L1a 1 100 96 42 (R) 

2 L1a 0.5 98 95 41 (R) 

3 L1a 2 100 94 42 (R) 

4 L1b 1 100 93 41 (R) 

5 L1c 1 100 91 40 (R) 

6 L1d 1 100 96 12 (R) 

7 L1e 1 100 97 31 (R) 

8 L2a 1 100 92 28 (R) 

9 L3a 1 100 96 52 (R) 

10 L3d 1 100 95 12 (R) 

11 L3e 1 100 97 17 (R) 

12 L4a 1 100 96 45 (R) 

13 L4d 1 100 96 20 (R) 

14 L4e 1 100 96 31 (R) 

15 L5a 1 100 91 61 (R) 

16 L5d 1 100 96 29 (R) 

17 L5e 1 100 96 39 (R) 

18 L6a 1 100 89 41 (R) 

19 L6d 1 100 91 11 (R) 

20 L6e 1 100 93 29 (R) 

21 L7a 1 100 90 41 (R) 

22 L7d 1 100 89 10 (R) 

23 L7e 1 100 95 29 (R) 

24 L8a 1 100 92 5 (R) 

25 L8d 1 100 88 28 (R) 

26 L8e 1 100 89 20 (S) 
a Reaction conditions: T= -20 oC, [Ni(acac)2] (1 mol%), AlMe3 (2 equiv.), substrate (1 
mmol), THF (8 mL). b % Conversion determined by GC after 3 hours. c Isolated yield. 
d Enantiomeric excess measured by GC using Cyclodex-B column. 
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 The effect of the thioether substituent was studied with ligands L1-L7a 

(Table 5.2.1, entries 1, 8, 9, 12, 15, 18 and 21). We found that these substituents 

mainly affected the enantioselectivity. Our results showed that the 

enantioselectivity depended upon the steric properties of these substituents. 

Enantioselectivities were therefore higher when more sterically demanding 

substituents were present (i.e., Ad > tBu > Ph > Me). 

 With ligands L1-L7a-e, we next studied the effect of the biaryl phosphite 

moiety on the product outcome. The results using L1a-c indicated that the 

substituents at both ortho and para-positions of the biphenyl moiety had no effect 

on the enantioselectivity (i.e. Table 5.2.1, entries 1 vs 4 and 5). However, the 

results using ligands L1-L7d-e, which contain enantiopure biphenyl moieties, show 

a clear cooperative effect between the configuration of the biaryl phosphite 

moiety and the ligand backbone. This resulted in a matched combination for 

ligands L1-L7e, which contains an enantiopure (S)-biphenyl phosphite moiety (i.e. 

entry 7 vs 6). Nevertheless, it should be pointed that the highest 

enantioselectivities were achieved using ligands containing tropoisomeric biphenyl 

moieties (i.e. entries 1 vs 6 and 7). 

 With ligands L1 and L8, we studied how the substituents at the alkyl 

backbone chain next to the phosphite moiety affected the product outcome. The 

results indicate that replacing the methylenic group (ligands L1) by a CMe2 group 

(ligands L8) led to lower enantioselectivities (i.e. entry 1 vs 24). 

5.2.2.2 Asymmetric addition of several aluminum reagents to a range of 

aldehydes 

 To further assess the catalytic efficiency of the Ni/L5a catalytic system, we 

next tested it in the nickel-catalyzed addition of several trialkylaluminum sources 

(AlR’3, R’ = Me or Et; and DABAL-Me3) to other benchmark aldehydes with different 

steric and electronic properties. The results are summarized in Table 5.2.2.  

 The results using trimethylaluminum as alkylating reagent indicated that 

catalytic performance (activity and enantioselectivity) were hardly affected by the 

presence of either electron-donating or electron-withdrawing groups at the para 

or meta-position of the phenyl group of the substrate (Table 5.2.2, entries 1-3, 5-

9). However, while the presence of a methoxy group at the para position had a 

slightly negative effect on the enantioselectivity (Table 5.2.2, entry 1 vs 4), the 

highest enantioselectivity was achieved using 2-naphthaldehyde as substrate. In 

contrast to the most successful sugar-based phosphite ligands,5c,e conversions and 
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enantiomeric excesses did not decreased when 2-substituted benzaldehydes were 

used (entries 10 and 11). 

Table 5.2.2 Ni-catalyzed asymmetric addition of aluminum reagents to aldehydes with L5a
a 

  AlMe3  AlEt3  DABAL-Me3
b 

Entry Substrate % Conv
c
 % ee

d 
 % Conv

c
 % ee

d 
 % Conv

c
 % ee

d 

 

1 

 

 

100 (98) 

 

61 (R) 

  

100 (96) 

 

60 (R) 

  

94 (81) 

 

54 (R) 

 

2 

 

 

100 (95) 

 

60 (R) 

  

100 (91) 

 

59 (R) 

  

89 (83) 

 

53 (R) 

 

3 

 

 

100 (93) 

 

62 (R) 

  

100 (92) 

 

63 (R) 

  

84 (72) 

 

59 (R) 

 

4 

 

 

99 (94) 

 

49 (R) 

  

100 (95) 

 

47 (R) 

  

86 (76) 

 

43 (R) 

 

5 

 

 

100 (92) 

 

64 (R) 

  

100 (87) 

 

61 (R) 

  

78 (64) 

 

58 (R) 

 

6 

 

 

100 (97) 

 

61 (R) 

  

100 (92) 

 

61 (R) 

  

91 (77) 

 

54 (R) 

 

7 

 

 

100 (93) 

 

59 (R) 

  

100 (91) 

 

60 (R) 

  

87 (73) 

 

55 (R) 

 

8 

 

 

100 (92) 

 

60 (R) 

  

100 (94) 

 

58 (R) 

  

91 (79) 

 

54 (R) 

 

9 

 

 

100 (92) 

 

71 (R) 

  

100 (93) 

 

69 (R) 

  

83 (71) 

 

63 (R) 

 

10
 

 

 

100 (94) 

 

64 (R) 

  

100 (90) 

 

65 (R) 

  

88 (76) 

 

61 (R) 

 

11
 

 

 

100 (91) 

 

66 (R) 

  

100 (92) 

 

64 (R) 

  

79 (68) 

 

60 (R) 

a Reaction conditions: T= -20 oC, [Ni(acac)2] (1 mol%), AlR'3 (2 equiv.), substrate (1 mmol), THF (8 mL). b Reaction 
conditions: T= 5 oC, [Ni(acac)2] (1 mol%), DABAL-Me3 (1.2 equiv.), substrate (1 mmol), THF (8 mL). c % Conversion 
determined by GC after 3 hour. In brackets are shown the yields determined by GC using dodecane as internal 
standard. d Enantiomeric excess measured by GC using Cyclodex-B column. 
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 The results of using triethylaluminum and air-stable methylating reagent 

DABAL-Me3 indicated that the catalytic performance follows the same trend as for 

the trimethylaluminum addition. However, yields and enantioselectivities were 

somewhat lower using DABAL-Me3, probably because of the higher temperature 

required to achieve full conversions. 

5.2.3 Conclusions 

 A library of bidentated P,S-ligands have been applied for the first time in 

the Ni-catalyzed trialkylaluminum addition to several aldehydes. The ligands are 

prepared from L-(+)-tartaric acid and combine the advantages of a sugar core and 

the presence of both thioether and phosphite moieties (i.e. modular design at a 

low price and high stability towards oxygen and other oxidizing reagents). We 

were able to systematically investigate the effect of varying the thioether 

substituent, the substituents in the alkyl backbone chain next to the phosphite 

moiety and the substituents/configurations in the biaryl phosphite moiety. By 

judicious choice of the ligand components we obtained good yields and moderate 

enantioselectivities (ee values up to 71%) with several aryl aldehydes, with low 

catalyst loadings (1 mol %) and no excess of ligand.  

5.2.4 Experimental section 

5.2.4.1 General Considerations 

 All syntheses were performed by using standard Schlenk techniques under 

an argon atmosphere. Solvents were purified by standard procedures. The 

synthesis of ligands L1-L8a-e has been previously described in Chapter 3.2. All 

other reagents were used as commercially available. 

5.2.4.3 Typical procedure for the Ni-catalyzed enantioselective 1,2- addition of 

trialkylaluminum reagents to aldehydes 

 [Ni(acac)2] (2.4 mg, 9.32 µmol, 1 mol %) and the corresponding ligand (9.32 

µmol, 1 mol %) were stirred in dry THF (8 mL) under an argon atmosphere at -20 ⁰C 

for 10 min. Neat aldehyde (1 mmol) was then added and trialkylaluminum (2 

mmol) was added dropwise over 10 min. After the desired reaction time, the 

reaction was quenched with 2 M HCl (8 mL). Then, dodecane (80 L) was added 

and the mixture was extracted with Et2O (10 mL). The organic layer was dried over 

MgSO4 and analyzed by GC.5a 
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5.2.4.4 Typical procedure for the Ni-catalyzed enantioselective 1,2-addition of 

DABAL-Me3 to aldehydes 

 [Ni(acac)2] (2.4 mg, 9.32 µmol, 1 mol %) and the corresponding ligand (9.32 

µmol, 1 mol %) were stirred in dry THF (8 mL) under an argon atmosphere at 5⁰C 

for 10 min. Neat aldehyde (1 mmol) was then added and DABAL-Me3 (336 mg, 1.3 

mmol, 1.3 equiv) was added over 10 min. After the desired reaction time, the 

reaction was quenched with 2 M HCl (8 mL). Then, dodecane (80 L) was added 

and the mixture was extracted with Et2O (10 mL). The organic layer was dried over 

MgSO4 and analyzed by GC.5a 
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5.3 Sugar-monophosphite ligands applied to the asymmetric Ni-catalyzed 

trialkylaluminum addition to aldehydes 

Sabina Alegre, Montserrat Diéguez, Oscar Pàmies in Tetrahedron: Asymmetry 

2011, 22, 834. 

Abstract. A series of readily available sugar-based phosphite ligands were applied 

to the Ni-catalyzed asymmetric trialkylaluminum additions to aldehydes. The 

ability of the catalysts to transfer chiral information to the product could be tuned 

by choosing suitable ligand components (configuration at C-3 of the furanoside 

backbone; the steric hindrance of the substituent at C-3 and the 

substituents/configuration of the biaryl phosphite moiety). Good 

enantioselectivities (ee’s up to 84%) were obtained for several aryl aldehydes 

using several organoaluminum sources. 

5.3.1 Introduction 

 The value of enantiopure alcohols lies mainly in their use as valuable 

building blocks for the synthesis of natural, pharmaceutical and agricultural 

products.1 The asymmetric catalytic addition of organoaluminum reagents to 

aldehydes can provide a potential synthetic tool for preparing these compounds. 

Although organoaluminum reagents can be economically obtained on an industrial 

scale,2 they are rarely used.3–5 Recently, Woodward et al. discovered that nickel-

based catalysts can allow high enantioselectivities at low catalyst loadings (0.05–1 

mol %),4,5a thus overcoming the previously used Ti-catalysts’ main drawback of 

requiring high catalyst loadings (10–20 mol %).3 Despite this advance, there have 

been relatively few publications describing the highly enantioselective Ni-catalyzed 

1,2-addition of trialkylaluminum to aldehydes. Consequently, we herein aim to 

expand the range of ligands for this process, to which only three types of ligands 

have been successfully applied to date. The first successful application reported 

the use of binol-based monophosphoroamidite ligands as the chiral source.4 The 

second successful application used a series of sugar-based phosphite-

phosphoroamidite ligands.5c The third successful application reported the use of a 

sugar-based monophosphite ligand library containing several ligand backbones.5a 

For these latter ligands, the best results were obtained using glucofuranoside 

ligand 1, while the allofuranoside ligand 2, with an opposite configuration at C-3, 

provided much lower enantioselectivities (Figure 5.3.1). Despite this success, the 

use of other phosphite ligands has not yet been reported and a study of the 
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possibilities offered by phosphites as new ligands for this process is still required. 

For this purpose, we have herein made further modifications to the previous 

ligands 1 and 2 by introducing new substituents with different electronic and steric 

properties at C-3 of the sugar backbone (Figure 5.3.2). 

 

Figure 5.3.1. Monophosphite ligands 1 and 2 previously applied in this process. 

 Herein, we report the application of 18 potential chiral monophosphite 

ligands L9-L14a,f-g (Figure 5.3.2) in the asymmetric Ni-catalyzed 1,2-addition of 

trialkylaluminum to several aldehydes. These ligands also have the advantages of 

carbohydrate and phosphite ligands; that is, they are available at low cost from 

readily available feedstocks; have high resistance to oxidation, and have 

straightforward modular constructions.6,7 With this library we therefore fully 

investigated the effects of systematically varying the configuration of the C-3 

carbon atom of the sugar backbone (L9-L10), the electronic and steric hindrance of 

the new substituent at C-3 (L10-L14) and the substituents/configuration of the 

biaryl phosphite moieties a,f-g. By carefully selecting these elements, we achieved 

good enantioselectivities and activities with different substrate types. 
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Figure 5.3.2. Carbohydrate-based monophosphite ligands L9-L14a,f-g. 

5.3.2 Results and discussion 

5.3.2.1 Asymmetric addition of AlR3 to aldehydes 

 Initially, we evaluated phosphite ligands L9-L14a,f-g (Figure 5.3.2) in the 

nickel-catalyzed asymmetric addition of trimethylaluminum to benzaldehyde, 

which was used as the model substrate (Scheme 5.3.1). The catalytic system was 

generated in situ by adding the corresponding ligand to a suspension of the 

catalyst precursor [Ni(acac)2] (acac = acetylacetonate). 

 

 
Scheme 5.3.1. Nickel-catalyzed asymmetric addition of AlMe3 to benzaldehyde using 

phosphite ligands L9-L14a,f-g. 

 

 The results, which are summarized in Table 5.3.1, indicate that 

enantioselectivities are highly affected by the configuration at the C-3 carbon atom 

of the sugar backbone, the steric hindrance of the new substituent at C-3 and the 

substituents/configuration of the biaryl phosphite moieties. In all cases excellent 

isolated yields (>95%) of the desired 2-phenylethanol have been obtained. The 

best enantioselectivity (ee’s up to 75%, Table 5.3.1, entry 4) were obtained using 

ligand L10a, which has the appropriate combination of ligand parameters. 

 With ligands L9 and L10, we studied how the configuration of C-3 of the 

sugar backbone affected the product outcome. The results indicate that this 

configuration affects the enantioselectivity (Table 5.3.1, entries 1–6). Therefore, 
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allofuranoside ligands L10 with an (R)-configuration at C-3 generally provided 

higher enantioselectivities than when glucofuranoside ligands L9 were used. 

 The effect of the substituent at C-3 of the sugar backbone was studied 

with ligands L10-L14f (Table 5.3.1, entries 5, 7–10). We found that these 

substituents mainly affected the enantioselectivity. Our results showed that the 

enantioselectivity depended upon the steric properties of these substituents. 

Enantioselectivities were therefore higher when less sterically demanding 

substituents were present (i.e., Me ≈Ph > Et ≈ Bn >> iPr). 

 With ligands L9a,f-g and L10a,f-g, we next studied the effect of the biaryl 

phosphite moiety on the product outcome. Our results indicated that the presence 

of bulky tert-butyl groups at the ortho- and para-positions of the biphenyl moiety 

had a positive effect on the enantioselectivity (e.g., Table 5.3.1, entries 4 vs 5 and 

6). In contrast to the results observed for related ligands 1 and 2,5a the results 

using ligands L9f-g and L10f-g, which contain enantiopure binaphthyl moieties, 

show a clear cooperative effect between the configuration of the biaryl phosphite 

moiety and the C-3 configuration of the sugar backbone. This resulted in a 

matched combination for ligand L10f (Table 5.3.1, entry 5). Moreover, when 

comparing the results of using ligands L9a,f-g and L10a,f-g are compared (Table 

5.3.1, entries 1–3 vs 4–6) we can conclude that whereas the biphenyl phosphite 

moiety in ligand L9a adopts an (S)-configuration, in ligand L10a it adopts an (R)-

configuration upon complexation to the nickel. 

 After comparing these results with those previously reported for related 

ligands 1 and 2 (Figure 5.3.1),5a we found that replacing the hydrogen group with a 

methyl substituent at C-3 of the sugar backbone had an extremely positive effect 

on the enantioselectivity for ligand 2 (from 44% (R) to 75% (S)), while it has a 

negative effect for ligand 1. 

 Next, we used ligand L10a which provided the best results to study the 

effect of the ligand-to-nickel ratio on the product outcome. Our results showed 

that no excess of ligand was needed for yields and enantioselectivities to be high 

(Table 5.3.1, entries 4, 11 and 12). 

 To further investigate the catalytic efficiency of the Ni/L10a catalytic 

system, we next tested it in the nickel-catalyzed addition of several 

trialkylaluminum sources (AlR’3, R’ = Me or Et; and DABAL-Me3) to other 

benchmark aldehydes with different steric and electronic properties. The results 

are summarized in Table 5.3.2. 
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Table 5.3.1. Selected results for the nickel-catalyzed asymmetric addition AlMe3 to 

benzaldehyde using phosphite ligands L9-L14a,f-g
a 

Entry Ligand L/Ni % Conv
b
 % Yield

c
 % ee

d
 

1 L9a 1 100 96 56 (R) 

2 L9f 1 100 95 13 (S) 

3 L9g 1 100 94 45 (R) 

4 L10a 1 100 98 75 (S) 

5 L10f 1 100 95 68 (S) 

6 L10g 1 100 98 29 (R) 

7 L11f 1 100 95 53 (S) 

8 L12f 1 100 97 9 (S) 

9 L13f 1 100 96 53 (S) 

10 L14f 1 100 95 65 (S) 

11 L10a 0.5 100 97 67 (R) 

12 L10a 2 100 96 65 (R) 
a Reaction conditions: T = -20 ⁰C, [Ni(acac)2] (1 mol %), AlMe3 (2 equiv), substrate (1 mmol) THF (8 mL). b % 
Conversion determined by GC after 3 h. c Isolated yield. d Enantiomeric excess measured by GC using a Cyclodex-B 
column. 
 

 We found that the conversion and enantioselectivity for the AlMe3 

addition were hardly affected by the presence of either electron-donating and 

electron-withdrawing groups at the para or meta-position of the phenyl group 

(Table 5.3.2, entries 1, 7, 10, 13 and 19). However, the presence of a methoxy 

group at the para position had a slightly negative effect on the enantioselectivity 

(Table 5.3.2, entry 1 vs 4). The trimethylaluminum addition to 2-naphthaldehyde 

provided the highest enantioselectivity (ee’s up to 82%, Table 5.3.2, entry 16). 

Finally, the catalytic performance of the reaction was also significantly influenced 

by the steric factors in the substrate (Table 5.3.2, entry 22). Thus, both the 

conversion and enantioselectivity considerably decreased when 2-

methoxybenzaldehyde was used.        

 The results of using triethylaluminum as an alkylating reagent indicated 

that the catalytic performance follows the same trend as for the 

trimethylaluminum addition, providing similar levels of enantioselectivity (Table 

5.3.2, entries 3, 6, 9, 12, 15, 18, 21 and 24).  
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Table 5.3.2. Selected results for the nickel-catalyzed asymmetric addition AlR’3 (R’ = Me or 

Et) and DABAL-Me3 to aldehydes using ligand L10a
a
 

 

Entry Aldehyde Organoaluminum source % Conv
b
 % ee

c
 

 
1 

 

 
AlMe3 

 
100 (98) 

 
75 (S) 

2
d
 DABAL-Me3 98 (95) 76 (S) 

3 AlEt3 100 (99) 72 (S) 

 
4 

 

 
AlMe3 

 
99 (94) 

 
66 (S) 

5
d
 DABAL-Me3 76 (73) 65 (S) 

6 AlEt3 92 (90) 64 (S) 

 
7 

 

 
AlMe3 

 
100 (97) 

 
76 (S) 

8
d
 DABAL-Me3 93 (91) 77 (S) 

9 AlEt3 100 (95) 75 (S) 

 
10 

 

 
AlMe3 

 
100 (92) 

 
77 (S) 

11
d
 DABAL-Me3 99 (93) 76 (S) 

12 AlEt3 100 (91) 77 (S) 

 
13 

 

 
AlMe3 

 
100 (94) 

 
74 (S) 

14
d
 DABAL-Me3 97 (91) 73 (S) 

15 AlEt3 100 (94) 71 (S) 

 
16 

 

 
AlMe3 

 
100 (91) 

 
82 (S) 

17
d
 DABAL-Me3 192 (88) 84 (S) 

18 AlEt3 100 (94) 81 (S) 

 
19 

 

 
AlMe3 

 
100 (93) 

 
78 (S) 

20
d
 DABAL-Me3 87 (82) 76 (S) 

21 AlEt3 100 (95) 75 (S) 

 
22 

 

 
AlMe3 

 
35 (33) 

 
45 (R) 

23
d
 DABAL-Me3 19 (11) 46 (R) 

24 AlEt3 33 (31) 45 (R) 
a Reaction conditions: T = -20 ⁰C, [Ni(acac)2] (1 mol %), L10a (1 mol%), AlR'3 (2 equiv), substrate (1 mmol), THF (8 
mL).  b % Conversion determined by GC after 3 h. Isolated yields in brackets. c Enantiomeric excess measured by 
GC using a Cyclodex-B column. d DABAL-Me3 (1.3 equiv), T = 5 ⁰C.  
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  Woodward et al. discovered the advantages of using DABAL-Me3 as an air-

stable methylating reagent in nickel-catalyzed additions to aldehydes.4a Our results 

using this reagent indicate that the catalytic performance follows the same trend 

as for the trimethylaluminum addition to aldehydes, which is not unexpected 

because the reactions have a similar mechanism. However, the yields were slightly 

lower than in the trimethylaluminum addition (Table 5.3.2, entries 2, 5, 8, 11, 14, 

17, 20 and 23). 

5.3.3 Conclusions 

 A series of sugar-based monophosphite ligands have been synthesized and 

applied in the Ni-catalyzed trialkylaluminum addition to several aldehydes. By 

carefully designing these ligands we were able to systematically investigate the 

effect of varying the configuration of the C-3 carbon atom of the furanoside 

backbone, the introduction of several alkyl and aryl groups at C-3 and the type of 

substituents/configurations in the biaryl phosphite moiety. By judicious choice of 

the ligand components we obtained good enantioselectivities (ee values up to 

84%) and high activities with several aryl aldehydes, with low catalyst loadings (1 

mol %) and no excess of ligand. We also demonstrated that the introduction of a 

methyl substituent at C-3 of the sugar backbone in allofuranoside ligands 2 is 

highly advantageous in terms of enantioselectivity. 

5.3.4 Experimental section 

5.3.4.1 General Considerations 

 All syntheses were performed by using standard Schlenk techniques under 

an argon atmosphere. Solvents were purified by standard procedures. The 

synthesis of ligands L9-L14a,f-g has been previously described in Chapter 3. All 

other reagents were used as commercially available. 

5.3.4.3 Typical procedure for the Ni-catalyzed enantioselective 1,2- addition of 

trialkylaluminum reagents to aldehydes 

 At first, [Ni(acac)2] (2.4 mg, 9.32 µmol, 1 mol %) and ligand (9.32 µmol, 1 

mol %) were stirred in dry THF (8 mL) under an argon atmosphere at -20 ⁰C for 10 

min. Neat aldehyde (1 mmol) was then added and trialkylaluminum (2 mmol) was 

added dropwise over 10 min. After the desired reaction time, the reaction was 
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quenched with 2 M HCl (8 mL). The mixture was extracted with Et2O (10 mL). The 

organic layer was dried over MgSO4 and analyzed by GC.5a 

5.3.4.4 Typical procedure for the Ni-catalyzed enantioselective 1,2-addition of 

DABAL-Me3 to aldehydes 

 At first, [Ni(acac)2] (2.4 mg, 9.32 µmol, 1 mol %) and ligand (9.32 µmol, 1 

mol %) were stirred in dry THF (8 mL) under an argon atmosphere at 5⁰C for 10 

min. Neat aldehyde (1 mmol) was then added and DABAL-Me3 (336 mg, 1.3 mmol, 

1.3 equiv) was added over 10 min. After the desired reaction time, the reaction 

was quenched with 2 M HCl (8 mL). The mixture was extracted with Et2O (10 mL). 

The organic layer was dried over MgSO4 and analyzed by GC.5a 
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6. Conclusions 

1. Chapter 3. Asymmetric hydrogenation reactions. The conclusions of this chapter 

can be summarized as follows: 

- In the Rh-catalyzed asymmetric hydrogenation of functionalized olefins 

(-unsaturated carboxylic acid derivatives and enamides) using a modular 

thioether-phosphite ligand library, the results indicate that the catalytic 

performance is mainly affected by the substituents in both the thioether group 

and at the alkyl backbone chain next to the phosphite moiety, and the 

configuration of the biaryl phosphite moiety. By carefully selecting the ligand 

components, full conversions and high enantioselectivities have been achieved in 

the reduction of several  -dehydroamino acid esters (up to 96% ee), dimethyl 

itaconate (up to 75% ee), and a range of enamides (up to 85% ee). 

 - In the Rh-catalyzed asymmetric hydrogenation of functionalized olefins 

(-unsaturated carboxylic acid derivatives and enamides) using a new furanoside 

monophosphite ligand library, we observed an effect of the configuration at C-3 of 

the furanoside backbone and at the binaphthyl moiety as well as the substrate. 

Thus, for ,-unsaturated carboxylic acids, enantioselectivities improved when 

introducing a methyl substituent at C-3 in glucofuranoside ligand containing an S-

binaphthyl group, achieving enantioselectivities >99.9%  and 85% in the 

asymmetric reduction of dimethyl itaconate and dehydroamino acid derivatives, 

respectively. However, in the reduction of enamides, the introduction of 

substituents at C-3 of the furanoside backbone has a negative effect on 

enantioselectivity. Only moderate enantioselectivities could be therefore achieved 

for this substrate class (ee's up to 67%).  

 - In the Ir-catalyzed asymmetric hydrogenation of minimally functionalized 

alkenes using a modular thioether-phosphite ligand library, we found that catalytic 

performance depended strongly on the ligand parameters (the thioether 

substituent, the substituents/configuration in the biaryl phosphite moiety and the 

substituent at the alkyl chain next to the phosphite moiety) as well as the 

substrate. While for trisubstituted olefins only moderate enantioselectivities were 

achieved (ee's up to 70%), the hydrogenation of more challenging disubstituted 

substrate 3,3-dimethyl-2-phenyl-1-butene let to excellent enantioselectivities (ee's 

up to 98%). For the latter substrate, the presence of atropoisomeric chiral biaryl 

moieties is crucial for the high enantioselectivities achieved. Moreover, the sense 

of enantioselectivity is controlled by the configuration of the biaryl phosphite 
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group which gives access to both enantiomers of the hydrogenation product in 

excellent enantiocontrol. 

2. Chapter 4. Asymmetric Pd-catalyzed allylic substitution. The conclusions of this 

chapter can be summarized as follows: 

 - In the asymmetric Pd-catalyzed allylic substitution reactions using a 

modular thioether-phosphite ligand library, we observed that the introduction of a 

substituent at the alkyl backbone chain next to the phosphite moiety and the 

presence of an R-biaryl phosphite group have an extremely positive effect on 

enantioselectivity. By carefully selecting the ligand parameters, full conversions 

and good enantioselectivities were therefore obtained for several linear substrates 

(ee's up to 83 %).  

 - In the asymmetric Pd-catalyzed allylic substitution reactions using a 

furanoside monophosphite ligand library, the results indicated that the catalytic 

performance highly affected by the effect of varying the sugar backbone, the 

substituents at C-3 of the furanoside backbone, the configurations at carbon C-3 

and C-4 of the ligand backbone and the type of substituents/configurations in the 

biaryl phosphite moiety, as well as the substrate. By carefully selecting the ligand 

parameters, for disubstituted substrates enantioselectivities up to 76% were 

achieved, while for monosubstituted substrate ee’s up to 40% were obtained. 

3. Chapter 5. Asymmetric Ni-catalyzed 1,2-addition. The conclusions of this chapter 

can be summarized as follows: 

 - In the asymmetric Ni-catalyzed trialkylaluminum addition to several 

aldehydes using a modular thioether-phosphite ligand library, we found important 

effects of varying the thioether substituent, the substituents in the alkyl backbone 

chain next to the phosphite moiety and the substituents/configurations in the 

biaryl phosphite moiety. By judicious choice of the ligand components we obtained 

good yields and moderate enantioselectivities (ee values up to 71%) with several 

aryl aldehydes, with low catalyst loadings (1 mol %) and no excess of ligand. 

 - In the asymmetric Ni-catalyzed trialkylaluminum addition to several 

aldehydes using a furanoside monophosphite ligand library, we observed 

important effects on the catalytic performance of varying the configuration of the 

C-3 carbon atom of the furanoside backbone, the introduction of several alkyl and 

aryl groups at C-3 and the type of substituents/configurations in the biaryl 

phosphite moiety. By judicious choice of the ligand components we obtained good 

enantioselectivities (ee values up to 84%) and high activities with several aryl 
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aldehydes, with low catalyst loadings (1 mol %) and no excess of ligand. We also 

demonstrated that the introduction of a methyl substituent at C-3 of the sugar 

backbone is highly advantageous in terms of enantioselectivity. 
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7. Resum 

 Actualment la preparació de productes enantiomèricament purs esta 

creixent en importants àrees com fàrmacs, productes agroquímics, química fina i 

productes naturals. Això es perquè en moltes aplicacions només es necessari un 

dels enantiòmers, ja que només un és el que té les propietats desitjades mentres 

que l’altre es inactiu o te efectes secundaris indesitjats. Per tant el descobriment 

de rutes sintètiques per la preparació de compostos enantiomèricament purs es 

un dels reptes mes importants pels químics orgànics moderns. En aquest context, 

les reaccions asimètriques catalitzades per metalls de transició s’han mostrat com 

una de les principals eines per l’obtenció d’aquests compostos. La major part de la 

recerca feta es centra en el desenvolupament de nous catalitzadors 

organometàl·lics modificats per lligands quirals. La síntesi de nous lligands quirals 

és essencial per descobrir bons sistemes catalítics en catàlisi asimètrica. Els sucres 

són una font important de lligands per l’elevada disponibilitat i baix preu. A més, 

són compostos altament funcionalitzats amb centres estereogènics. Això permet la 

síntesi de sèries sistemàtiques de lligands amb l’objectiu d’obtenir altes activitats i 

selectivitats per cada reacció en particular. 

 Els objectius d’aquesta tesi son el desenvolupament de dues noves 

llibreries de lligands derivats de sucre. Concretament tioèter-fosfit i furanòsid 

monofosfit, per la seva aplicació en diverses reaccions asimètriques catalitzades 

per metall de transició, tals com la hidrogenació d’olefines funcionalitzades 

catalitzades per rodi, la hidrogenació d’olefines mínimament funcionalitzades 

catalitzada per iridi, les reacció de substitució al·lílica catalitzades per pal·ladi i les 

adicions 1,2 a aldehids catalitzades per níquel. 

 Després de la introducció capítol 1 i els objectius capítol 2, al capítol 3 es 

discuteix les reaccions d’hidrogenació. Aquest capítol es composa de tres parts on 

s’estudia la síntesi i aplicació de les dues noves llibreries de  lligands. La primera 

part inclou el manuscrit, Asymmetric Rh-catalyzed hydrogenation using a 

thioether-phosphite ligand library, on es descriu la síntesis i l’aplicació de lligands 

tioèter-fosfit en la reacció d’hidrogenació asimètrica, catalitzada per rodi, de 

diverses olefines funcionalitzades. S’ha observat un important efecte dels 

substituents del grup tioèter i dels de la cadena alquílica al costat del grup fosfit i la 

configuració del grup biaril. S’han obtingut elevades enantioselectivitats en la 

reducció de α-dehidroamino àcid esters (>96% ee), dimetil itaconat (>75% ee) i 

enamides (>85% ee). La segona part està composada pel treball, Asymmetric Rh-
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catalyzed hydrogenation using a furanoside monophosphite ligand library, on es 

descriu la síntesis i l’aplicació de lligands furanòsid monofosfit en la reacció 

d’hidrogenació asimètrica, catalitzada per rodi, de diverses olefines 

funcionalitzades. Els resultats catalítics indiquen un important efecte de la 

introducció de substituents al carboni-3, de la configuració del carboni-3 de 

l’esquelet furanòsid i del grup binaftil i del substrat. L’ introducció d’un grup metil 

al carboni-3  de l’esquelet furanòsid i la presencia d’un grup S-binaftil té un efecte 

positiu en la reducció del dimetil itaconat i derivats dehidroamino àcids (>99% ee i 

>85% ee, respectivament), però negatiu en la reducció d’ enamides. La tercera part 

està composada pel treball, Asymmetric Ir-catalyzed hydrogenation using a 

thioether-phosphite ligand library, descriu l’aplicació dels compostos tioèter-fosfit 

com a lligands en la hidrogenació asimètrica d’olefines no funcionalitzades 

catalitzada per iridi. Els resultats mostren que els millors excessos enantiomèrics (> 

98% ee) s’obtenen en la hidrogenació de substrats terminals. 

 En el capítol 4, s’han aplicat les lligandteques, prèviament descrites al 

capítol 3, en la reacció de substitució al·lílica catalitzada per pal·ladi. Aquest capítol 

es divideix en dues parts. La primera part està composada pel treball, Asymmetric 

Pd-catalyzed allylic substitution using a thioether-phosphite ligand library, descriu 

l’ús dels lligands tioèter-fosfit prèviament descrits en la substitució al·lílica de 

substrats lineals catalitzada per pal·ladi. Els resultats indiquen que la introducció 

d’un substituent a la cadena alquílica al costat del grup fosfit i la presencia d’un 

grup R-biaril tenen un efecte extremadament positiu en l’enantioselectivitat;  

obtenint bones enantioselectivitats (>83% ee). La segona part esta composada pel 

treball, Asymmetric Pd-catalyzed allylic substitution using a furanoside 

monophosphite ligand library, descriu l’aplicació dels lligands furanòsid monofosfit 

prèviament descrits en la substitució al·lílica catalitzada per pal·ladi. S’ha observat 

un important efecte del tipus d’esquelet de sucre, els substituents del carboni-3 de 

l’esquelet furanòsid, la configuració del carboni-3 i del carboni-4 de l’esquelet del 

lligand i dels substituents/configuració del grup biaril, i del substrat. Així, per 

substrats disubstituïts s’aconsegueixen ee’s per sobre del 76% mentres que per 

monosubstituïts ee’s per sobre del 40%.  

 Per últim en el capítol 5, s’han aplicat les lligandteques, prèviament 

descrites al capítol 3, en l’adició 1,2 asimètrica catalitzada per níquel. Aquest 

capítol es divideix en dues parts. La primera part està composada pel treball, 

Thioether-phosphite ligands applied to the asymmetric Ni-catalyzed 

trialkylaluminum addition to aldehydes, descriu l’ús dels lligands tioèter-fosfit 
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prèviament descrits en l’adició 1,2 de trialquilalumini a aldehids catalitzada per 

níquel. Els resultats indiquen que l’enantioselectivitat està afectada pels 

substituents del grup tioèter i de la cadena alquílica al costat del grup fosfit, i dels 

substituents/configuració del grup biaril. S’obtenen bons rendiments i 

enantioselectivitats moderades (>71% ee) amb baixes carregues de catalitzador 

(1 mol %) i sense excés de lligand. La segona part, esta composada per el article, 

Sugar-monophosphite ligands applied to the asymmetric Ni-catalyzed 

trialkylaluminum addition to aldehydes, on es descriu l’aplicació dels lligands 

furanòsid monofosfits en l’adició 1,2 de trialquilalumini a aldehids catalitzada per 

níquel. S’ha observat un important efecte de la configuració del carboni-3 de 

l’esquelet furanòsid, la introducció de substituents alquils i arils al carboni-3 i dels 

substituents/configuració del grup biaril. S’obtenen bons rendiments i 

enantioselectivitats (>84% ee) amb baixes carregues de catalitzador (1 mol %) i 

sense excés de lligand. També demostrem que l’ introducció d’un grup metil al 

carboni-3 de l’esquelet furanòsid es altament avantatjós en termes 

d’enantioselectivitat.  
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