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Summary of the thesis 

 

The thesis is divided into 7 Chapters.  

 

 Chapter 1. Introduction. This Chapter first presents the relevance of 

enantioselective metal catalysis in the preparation of enantiomerically pure compounds. 

An important step in their preparation is the design of chiral ligands. Among them, two 

families of heterodonor phosphite/phosphinite-thioether and phosphite-oxazoline 

containing ligands are developed in this thesis for application in the Pd-catalyzed allylic 

substitution reaction. For this reaction, the antecedents, performance, and main 

achievements are discussed in this introduction Chapter, with special emphasis on the 

most successful P-oxazoline/thioether ligand families. The state-of-the-art and current 

needs in this field justify the objectives of the thesis. 

 

 Chapter 2. Objectives. Based on the aspects discussed in Chapter 1, this 

Chapter presents the objectives of the thesis. These involve the synthesis and 

application in the Pd-catalyzed allylic substitution reaction of two families of 

heterodonor P-X ligands (X= thioether and oxazoline). It also includes a further 

derivatization of some of the substitution products for the synthesis of complex 

molecules. Finally, the objectives also include the design and synthesis of 

phosphabarrelene/5-phosphasemibullvalene-pyridine ligands, specially designed to be 

applied in the near future in enantioselective allylic and propargylic catalyzed 

substitution reactions, as well as metal-catalyzed asymmetric hydrogenations.  

 

 Chapter 3. DFT-guided synthesis of a new family of P-S ligands based on 

indene for Pd-catalyzed asymmetric allylic substitution reactions. This Chapter, which 

has been done in a collaboration framework with the groups of M. A. Pericàs and F. 

Maseras (ICIQ), contains the development and application of a phosphite/phosphinite-

thioether ligand library in Pd-catalyzed allylic substitution reactions. These ligands have 

been prepared in only three steps from cheap indene. The combination of experimental 

and theoretical studies has led to the design of an optimal, solid, and air-stable 

phosphite-anthracenethiol derivative with excellent behavior in the reaction of choice. 

Improving most approaches reported to date, this ligand presents a broad substrate and 

nucleophile scope. Excellent enantioselectivities have been achieved for a range of 

linear and cyclic allylic substrates using a large number of C-, N-, and O-nucleophiles (40 

compounds in total). The species responsible for the catalytic activity have been also 

further studied by NMR to clearly establish the origin of the enantioselectivity. The 

results included in this Chapter has been published in ACS Catalysis 2018, 8, 3587. I have 

participated in the synthesis of part of the ligand library and in part of the catalysts 

screening. 
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 Chapter 4. Application of a phosphite-oxazoline ligand library for Pd-

catalyzed asymmetric allylic substitution reactions. This Chapter, which has been done 

in collaboration with Prof. P-O Norrby from AstraZeneca in Sweden, includes the design 

of a phosphite-oxazoline ligand library for Pd-catalyzed asymmetric allylic substitution 

reactions. By selecting the substituents at the alkyl backbone chain of the ligand 

backbone and at the oxazoline group, as well as the configuration of the biaryl phosphite 

group, high activities (TOF > 8000 mol substrate × (mol Pd × h)−1) and excellent 

enantioselectivities (ee’s up to 99%) have been achieved for many substrates with a wide 

range of C-, O-, and N-nucleophiles (73 substitution products in total). These results 

surpass the best one reported so far, even the family of ligands included in Chapter 3. 

The results included in this Chapter has been published in ACS Catalysis 2019, 9, 6033. I 

have participated in the synthesis of part of the ligand library and most of the catalysts 

screening. 

 

 Chapter 5. Synthetic applications of the resulting Pd-catalyzed allylic 

substitution products. In this Chapter we have derivatized some of the products 

obtained in Chapters 3 and 4. In this regard, we submitted the chiral alkylation products 

to Grubbs’ metathesis, to Pauson-Khand reactions and to metal catalyzed 

cycloisomerization to achieve chiral functionalized (poly)carbocyclic and heterocyclic 

compounds.  

 
      Chapter 6. Synthesis of heterodonor phosphabarralene/5-

phosphasemibullvalene-pyridine ligands and their metal complexes. This Chapter 

includes the work done during my stage of 7 months in the group of Prof. C. Müller at 

Freie Universität in Germany. During the stage I have been able to successfully 

synthesize several phosphabarrelene-pyridine and 5-phosphasemibullvalene-pyridine 

ligands from their corresponding phosphinine-pyridine compounds. We have also 

studied their coordination chemistry.  

 
 Chapter 7. General conclusions. This Chapter presents the conclusions of the 

work presented in this thesis. 
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Chapter I 

2 

The preparation of enantiopure compounds is nowadays a must in several industries 

such as agrochemical, pharmaceutical, among others.1 Since the thalidomide case in the 

60’s, where one of the enantiomers of this drug had the desired antiemetic properties 

the other one had teratogenic effects, the regulations on the drug marked have 

increased and nowadays the preparation of single stereoisomers is fundamental. In this 

respect, asymmetric catalysis is one of the most valuable tools since with the proper 

choose of the catalytic system high levels of conversion and enantioselectivities can be 

obtained.1 Moreover, asymmetric catalytic processes are more straightforward as well 

as more sustainable since they do not require the use of, for example, chiral auxiliaries 

or the resolution of enantiomers.1 In this regard, metal-catalyzed asymmetric reactions 

have proved to be a reliable tool for the construction of new stereogenic centers.1 

Therefore, its importance has been reflected by the myriad of publications in this field 

as well as the Nobel Prize award in 2001 to W. S. Knowles, K. B. Sharpless and R. Noyori 

as well as to E. Negishi, R. F. Heck and A. Suzuki in 2010.2  

To have the best performing system in enantioselective metal-catalyzed reactions 

several variables should be optimized. In this respect, one of the most crucial is the 

correct choose of the chiral ligand.1, 3 The ideal ligand should be synthesized in few steps, 

preferentially from the chiral pool, be easy to handle (an air stable solid) and to present 

a modular scaffold that facilitates to find the best performing ligand. In the last decades 

heterodonor ligands have emerged as an increasingly used ligand class, since the 

different electronic and steric properties of these heteroatoms are powerful 

stereocontrol elements.3 The two functionalities also smooth catalyst optimization since 

both functionalities can be independently varied for improved catalyst performance. 

Among heterodonor ligands, P-N ligands have been the most used, being P-oxazoline 

the most studied ones due to their availability and modular preparation. Among the 

thousands of ligands prepared, a few stand out for their broad applicability.3a,c-f A large 

reaction and substrate scope are desirable to minimize the time devoted to ligand 

finding and preparation. 

In this aspect, this thesis is focused in finding suitable chiral ligands for metal-

catalyzed asymmetric reactions. Concretely, two libraries of heterodonor ligands have 

been designed to overcome the substrate specificity in Pd-catalyzed asymmetric allylic 

substitution (AAS) reactions. Thus, air stable and modular P-thioether and P-oxazoline 

ligand libraries have been prepared from readily available starting materials and applied 

on Pd-AAS (see chapters 3 and 4). The synthetic applications of these new P-S and P-N 

ligand libraries have been demonstrated by their use in the synthesis of more complex 

chiral molecules (see chapter 5). To continue the improvement of finding ligands with a 

large reaction and substrate scope, in chapter 6 we include the development of a new 

type of heterodonor P-N ligands, the phosphabarralene/5-phosphasemibullvalene-

pyridine ones, specially designed for a future application in Pd-AAS but also in 

propargylic substitution, hydrogenation among other reactions. Below, we describe the 

background in the Pd-catalyzed asymmetric allylic substitution with special emphasis on 
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the most successful bidentate heterodonor P-oxazoline and P-thioether ligand families 

applied in this process.   

 

1.1. Pd-catalyzed asymmetric allylic substitution 

 

The formation of new chiral C-C and C-heteroatom bonds is of high importance on 

the field of organic chemistry. In this regard, the Pd-catalyzed asymmetric allylic 

substitution has proved to be one of the most efficient strategies since it has a high 

functional group tolerance, it works under mild reaction conditions and usually the 

levels of stereoinduction achieved are high.4 This process involves the reaction between 

a racemic allylic substrate, which contains a leaving group (carbonate or acetate), and a 

nucleophile. In enantioselective Pd-catalyzed allylic substitution reactions we can find 

two different classes depending on the type of substrate (Scheme 1.1). Type A reaction 

involves the formation of a symmetrical π-allyl intermediate from the corresponding 

racemic substrates (either linear or cyclic). Therefore, in this case the enantioselectivity 

is ruled by the regioselectivity of the nucleophilic attack and therefore it depends on the 

ability of the chiral ligand to differentiate the two corresponding allylic terminal carbons. 

In type B reactions the racemic or prochiral substrate, with two identical geminal 

substituents at one terminal allyl carbon, react via the π-allyl intermediate which can 

isomerize though a π-σ-π mechanism. Therefore, the enantioselection can occur either 

in the ionization step, leading to the allyl intermediate, or in the nucleophilic attack. For 

this substrate type, the regioselectivity is also a problem since a mixture of regioisomers 

can be obtained. Most of the Pd-catalyst developed until now favour the obtention of 

the undesired achiral linear product rather than the chiral branched isomer, in contrast 

to what was found with Ir- and Cu-catalytic systems.4 

 

 

Scheme 1.1. Classification of Pd-catalyzed asymmetric allylic substitution reactions. 
 

In this reaction the variety of substrates (linear or cyclic) is wide, being the rac-(E)-

1,3-diphenylallyl acetate the benchmark substrate (Figure 1.1). Among the nucleophiles 

used, stabilized carbon nucleophiles, such as carbanions derived from 1,3-dicarbonyl 
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compounds, maintain a prominent position in enantioselective Pd-catalyzed allylic 

substitutions. Apart from malonates and related stabilized C-nucleophiles including 

various functionalized malonates, β-diketones, 2-cyanoacetates, pyrroles, 

nitromethane, etc., N- and O-nucleophiles and to a lesser extent P- and S-nucleophiles 

have been used.4 Among the reactions studied the alkylation of rac-(E)-1,3-diphenylallyl 

acetate using malonates, and especially dimethyl malonate as the nucleophile, 

continues to serve as benchmark reaction to evaluate the potential of new ligands in 

asymmetric catalysis. Accordingly, since 2008, a large number of papers on the 

development of new ligands for the alkylation of this benchmark substrate with 

malonate derivatives have been published.4a  

 

 

Figure 1.1. Types of substrates used on Pd-catalyzed asymmetric allylic substitutions.  

 

1.1.1. Mechanism 

 

The catalytic cycle for Pd-catalyzed allylic substitution reactions using stabilized C-

nucleophiles and heteronucleophiles has been studied widely.4 The catalytic cycle 

involves four steps (Scheme 1.2).  

The first step is the coordination of the allylic substrate B to the Pd0 specie A. Then, 

an oxidative addition take place to form the Pd π-allyl intermediates D, identical for 

ligands with C2 symmetry, and usually minor, syn,anti and anti,anti isomers. 

Intermediates D in presence of nucleophiles can suffer a nucleophilic attack in one of 

the two allyl carbon terminus (C-1 or C-3) preferentially. After this, the formation of an 

unstable PdII complex E leads to the readily dissociation to the final substituted product 

F and the formation again of Pd0 specie A which restart the catalytic cycle. 
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Scheme 1.2. Catalytic cycle for Pd-catalyzed allylic substitution reaction.  

 

For substrates with enantiotopic leaving groups (in geminal or 1,3-positions), the 

enantiodiscriminating step is the oxidative addition whereas for substrates with 

identical substituents at the 1- and 3-positions, enantiodiscrimination occurs during 

nucleophilic attack at one of the diastereotopic sites (enantiotopic in the presence of 

achiral ligands). For other substrates, the relative rates of the different steps, including 

interconversion of isomeric allyl complexes, govern in which step the enantioselectivity 

is determined. Use of prochiral nucleophiles, finally, may also lead to 

enantiodiscrimination.4 

 

1.1.2. Ligands 

 

The ligands used for this transformation are mainly based in the use of four different 

strategies (Figure 1.2). The first one developed by Hayahi et al. is based on directing the 

nucleophile to one of the allyl terminal carbon atoms by a secondary interaction 

between the nucleophile and a side chain of the ligand.5 The second one, developed by 

Trost and coworkers, is based on bidentate diphosphine ligands with a large bite angle 

that are able to create a chiral pocket between the ligand and the metal center where 

the allyl system accommodates perfectly.6 Ligands of this type represent one of the most 

effective ligand families for asymmetric allylic substitution of unhindered substrates, 

which has found widespread use in natural product synthesis. The originally mechanistic 
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model proposed that the enantioselectivity results from steric interactions with the four 

P-phenyl groups forming the chiral cavity, which block one of the allylic termini against 

nucleophilic attack.6 A refined model reported in 2009  found the presence of secondary 

interactions between the ligand and the nucleophile that directs the attack.7 Therefore, 

the enantioselectivity induced by Trost’s ligands results from an interplay between steric 

interactions imposed by the chiral cavity of the ligand and H-bond and electrostatic 

interactions of the amide groups with the nucleophile. The third strategy is based on the 

use of heterodonor ligands which create an electronic differentiation between both 

allylic carbon terminal atoms due to the different trans influences of both donor groups. 

In this respect, Helmchen, Ptaltz and Williams developed the phosphine-oxazoline 

ligands (PHOX ligands) which have provided high enantioselectivities for the benchmark 

linear hindered substrate rac-(E)-1,3-diphenylallyl acetate.8 After this work, a wide range 

of heterodonor P-N ligands, mainly P-oxazolines, have been prepared by modifying the 

ligands backbone. Unfortunately, phosphine-oxazoline ligands give poor ee’s when less 

sterically demanding or cyclic substrates are used.8 In this respect, the 

phosphine/phosphinite-N ligands and the Trost diphosphine ligands have a 

complementary scope. Other mixed bidentate donor ligands, such P-S ligands, are 

emerging as alternative to P-N ligands.3a-c  

 

Figure 1.2. Schematic representation of the four main ligand design’ strategies used in Pd-
AAS. 

A fourth design principle, which has emerged from the search for ligands displaying 

wider substrate scope, focuses on conformational flexibility.9 Traditionally, chiral ligands 

were designed based on conformationally rigid structural elements that allow 

straightforward prediction of steric interactions with a substrate. However, more 

recently evidence has been accumulated that a certain degree of flexibility can be 

beneficial for inducing enantioselectivity. In this respect, our group was pioneering and 
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found that the introduction of a flexible biaryl phosphite group was advantageous in 

overcoming the high substrate specificity and reaction rates of this process. The first 

example of this approach was the replacement of the phosphine group on PHOX ligands 

by biaryl phosphite moieties.10 Pd complexes of these ligands proved to be very effective 

catalysts for reactions of both hindered and unhindered linear and cyclic substrates with 

a large number of C-, N- and O-nucleophiles (48 substitution products in total), 

outperforming Pd-PHOX catalysts.  Moreover, excellent activities (TOFs up to >2400 mol 

substrate x (mol Pd x h)-1), higher than with PHOX ligands were achieved due to the π-

acceptor capacity of the phosphite moiety. The wide substrate scope was rationalized 

by NMR and DFT studies of its Pd-η3-olefin and Pd-η3-allyl complexes.  This studies 

indicate that the broad substrate scope of Pd/biaryl phosphite-oxazoline systems results 

from their capacity to adjust the size of the binding pocket to the substrate type, a 

feature that also explains their excellent performance in other asymmetric reactions.11 

In addition, the presence of a biaryl phosphite group increase the regioselectivity to the 

branched isomer when the more challenging monosubstituted substrates were used, 

thanks to its π-acceptor ability and bulkiness, phosphite moiety increase the density of 

the most substituted allyl terminal carbon via trans influence, favouring the nucleophilic 

attack to this carbon. Therefore, with these ligands we could also reach high regio- and 

enantioselectivities for monosubstituted substrates.10a,
 
c 

It should be mentioned that although many new heterodonor ligands have been 

designed during the last decades, several recent studies on more challenging substrates 

and/or nucleophiles were tested with well-established ligand scaffolds or slight 

modifications of them (e.g., PHOX and Trost’s ligand).4a Although bidentate ligands 

continue to have a prominent position, we must highlight that some of monodentate 

ligands have recently provided excellent results when using specific type of substrates.12  

In the next sections we summarize and discuss the most successful P-oxazoline and 

P-thioether ligands developed in Pd-catalyzed asymmetric allylic substitution reactions.  

 

1.1.2.1. P-oxazoline ligands 

 

Derived from PHOX ligands, several other P-oxazoline based ligands have been 

developed.3d In this sense these modifications on the PHOX ligands can be grouped in: 

(a) modifications of the oxazoline ring, (b) modifications on the ligand backbone and (c) 

the replacement of the phosphine by other phosphorous groups. 

Concerning the modifications of the oxazoline ring (Figure 1.3), it can been found the 

introduction of a sugar moiety or other chiral groups with the development of ligands 

513, 614 (with R = OH, OMe) and 715 (R = Me, Bn, CHPh2, CPh3, CH2CH2OMe). Both, ligands 

5 and 6, provided comparable results then the PHOX ligands for the hindered linear 

benchmark substrate rac-(E)-1,3-diphenylallyl acetate (up to 98% and >99% ee, 

respectively) and low enantioselectivities for less sterically demanding substrates (up to 

66% and 59% ee, respectively).  
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Figure 1.3. Selected modifications of the oxazoline ring in phosphine-oxazoline ligands. 

Ligands 7 with two stereogenic groups in the oxazoline ring provided high 

enantioselectivities when using the benchmark linear substrate (ee up to 97%) and 

trisubstituted ones (ee up to 94 %), but low with non-hindered substrates.15 Notably, 

these ligands also performed well for monosubstituted substrates obtaining high 

regioselectivity towards the branched isomer (up to 93%) with enantioselectivies up to 

82%.  

Another modification is the replacement of the 5-membered ring of the oxazoline 

by a 6-membered ring with ligand 8.16 The results with benchmark substrate were 

excellent (ee up to 99%) whereas for the benchmark non-hindered linear substrate, rac-

1,3-dimethylallyl acetate, the enantioselectivities attained were low (ee up to 50%). 

Moreover, the activities obtained with this catalytic system were much lower than those 

achieved with PHOX ligands.  

Finally, the conformationally rigid phosphine-oxazoline 9 (R = tBu, CHPh2, 3,5-di-tBu-

Ph, Ad) has been also applied in Pd-AAS.17 Its application provided high ee for the 

benchmark hindered substrate (ee up to 98%) but, for cyclic substrates as well as for 

linear non-symmetric substrates the ee’s achieved were lower (ee’s up to 34%) 

indicating that this ligand is also highly substrate specific.   

Several modifications on the ligand backbone have been performed (Figure 1.4). In 

this regard, the replacement of the o-penylene tether on PHOX ligands by a ferrocenyl 

moiety  has been studied with ligands 10 (R = tBu, iPr)18 and 11 (R = tBu, iPr, Ph)19. Both 

ligands provided high enantioselectivities in the Pd-catalyzed asymmetric allylic 

alkylation of the benchmark hindered substrate rac-(E)-1,3-diphenylallyl acetate using 

dimethyl malonate (ee’s up to 99% and 95%, respectively). Moreover, the allylic 

alkylation of benchmark unhindered linear substrate rac-(E)-dimethylallyl acetate using 

ligand 10 and dimethyl malonate as nucleophile provided high levels of enantioinduction 

(ee up to 98%).  With these ligands, the authors found that the planar chirality exerted 

an important control over the Pd-allyl complexes formed and therefore on the 

enantiomeric excesses observed. 
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Figure 1.4. Selected modifications on the ligand backbone for phosphine-oxazoline ligands. 

The introduction of biaryl phosphine groups was studied with ligands 12 (R = iPr, 
tBu)20 and 1321. For 12 the replacement the o-phenylene tether group on PHOX ligand 

by a binaphthyl moiety provided good results for the alkylation of the benchmark 

hindered substrate using dimethyl malonate (ee’s up to 97%) as well as amination using 

benzylamines as nucleophiles (ee’s up to 99%). Furthermore, the configuration on the 

binaphthyl moiety determinates the configuration of the substituted product. Ligands 

13 (R1 = Ph, 4-MeOPh, 3,5-tBu2Ph, 3,5-tBu2-4-MeOPh, R 2 = iPr, tBu, Ph) with an achiral 

biaryl phosphine provided also high enantiomeric excess for the hindered model linear 

substrate (ee’s up to 92%).  

Ligands 14 (R = Ph, Ad, 2,4-ditBuPh, 2,4-ditBu-3-OMePh, CPh3, anthryl, 7-OEt-naphtyl) 

provided excellent enantioselectivities for the benchmark linear substrate (ee's up to 

98%) whereas for both, cyclic rac-cyclohex-2-en-1-yl acetate and linear non-hindered 

substrate, rac-(E)-dimethylallyl acetate, the enantioselectivities attained were moderate 

(ee’s up to 79% and 82%, respectively).22  

The proline-derived ligands 15 (R = iPr, tBu, Ph) have been successfully used for the 

alkylation of cyclic substrates.23 where the tendency on enantioselectivities was the 

opposite as the usually observed since the ee’s increased when reducing the size of the 

cyclic substrate. Nevertheless, their application in the benchmark hindered substrate 

attained very low enantioselectivities (ee’s up to 30%). 

The replacement of the phosphine for a phosphaalkene has been studied with ligand 

16.24 The use of this ligand allowed the alkylation of the benchmark hindered substrate 

using malonates (including substituted ones) as well as acetylacetone as nucleophiles 
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(ee’s up to 92%). Moreover, the alkene-containing alkylated products were derivatized 

by ring closing metathesis reaction to give the corresponding carbocycles without loss 

of the chiral information. 

The introduction of more π-acceptor electro withdrawing phosphines has been 

studied with ligands 1725 (R = Ph, Bn, iPr, tBu) and 1826 (R = Ph, Bn, iPr, tBu). In this regard, 

the use of these ligands seems to be limited to the alkylation of monosubstituted 

acetates providing regioselectivities up to 99% with enantioselectivities up to 94%.  

Among the modifications on the backbone, two of the most successful modifications 

are represented by the introduction of a bulky pentaphenylferrocene, with ligand 1927, 

and highly rigid spiro-indane-based phosphine-oxazoline ligand 2028. Ligand 19 was 

specifically designed for improve the enantioselectivity achieved with PHOX ligands for 

cyclic substrates. In this case, high ee’s were attained even with the more challenging 

cyclopentenyl acetate substrate (ee’s up to 91%). On the other hand, ligand 20 provided 

a delightful catalytic activity on the alkylation of the benchmark hindered substrate rac-

(E)-1,3-diphenylallyl acetate using several malonates (including substituted ones) as well 

as with indoles and alkyl alcohols (ee’s up to >99%).29 

The replacement of the phosphine group by a phosphinite has been also studied on 

this transformation. Nevertheless, in contrast to phosphinite-thioether ligand 

counterparts (see below), the use phosphinite-oxazoline ligands in this transformation 

is not common (Figure 1.5). There are two examples of them (Figure 1.5).  In this regard, 

the phosphinite-oxazoline ligands 21 (R = Me, iPr, tBu, iBu, Ph, Bn) derived from D-

glucosamine provided high enantioselectivity for the hindered benchmark substrate (ee 

up to 96%) and moderate for the unhindered lineal and cyclic ones (ee’s up to 74%).30 

Another family of phosphinite-oxazoline ligands developed has been ligands 22 (R = 

ferrocene, cobaltocene, Ad, Ph) (which is a modification of 14). Enantioselectivities up 

to 96% were attained for the allylic alkylation of the benchmark substrate rac-(E)-1,3-

diphenylallyl acetate. Nevertheless, their application in linear non-hindered benchmark 

substrate as well as for the cyclic benchmark substrate provided very low results (ee’s 

up to 36% and 25%, respectively).31 

 

 

Figure 1.5. Phosphinite-oxazoline ligands developed for Pd-catalyzed allylic alkylation. 

As mentioned before, the replacement of the phosphine by a biaryl phosphite group 

in P-oxazoline ligands has been highly beneficial in terms of nucleophile and substrate 

scope as well as for regioselectivity issues.10b,
 

c Thus, aside of ligand 4, some other 

families of phosphite-oxazoline ligands have been developed (Figure 1.6). In this respect 

we can highlight phosphite-oxazoline ligands 23 (R1 = tBu, iPr, Ph, R2 = (Sax): H, Me, (Rax): 

H) which were intended to overcome the problem of regioselectivity in the allylic 

alkylation of monosubstituted linear substrates.32 In this case, a delightful 
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regioselectivity (up to 95%) to the chiral branched isomer and excellent 

enantioselectivities (up to 94%) were achieved for a range of monosubstituted hindered 

substrates. In contrast, moderate results were obtained for symmetrically hindered and 

unhindered substrates (60% and 70% ee, respectively). 

 

 

Figure 1.6. Phosphite-oxazoline ligands used in Pd-AAS. 

After our successful family of 4, we have developed other phosphite-oxazoline ligand 

families. In this regard, ligands 24 (R1 = Ph, iPr, tBu, Me, R2 = tBu, H, SiMe3, R3 = tBu, OMe, 

H) based on sugar have been developed and successfully applied on Pd-catalyzed allylic 

alkylation providing excellent results in the alkylation of mono- and disubstituted 

hindered and unhindered linear and cyclic substrates (ee’s up to 99%).33 In comparation 

with the phosphinite version 21, the phosphite counterpart 24 provided better results 

in terms of substrate scope.  

 

1.1.2.2. P-thioether ligands 

 

P-thioether ligands have also attracted attention since they take advantage of the 

electronic disparity between the two donor atoms: sulfur is a poor σ-donor and a poor 

π-acceptor in comparison with the better σ-donor and π-acceptor nature of phosphorus. 

In addition, the thioether group adds the advantage of higher chemical stability when 

compared with oxazolines and phosphines. The early successful work by Kang,34 

Pregosin35 and Evans36 among others,3c,
 

37 with P-thioether ligands in Pd-catalyzed allylic 

alkylation and other asymmetric reactions put the focus on this type of ligands and 

spurred their development. Since then, many P-S ligands have been developed, but only 

a few of them have shown to be successfully applicable to mechanistically unrelated 

asymmetric reactions and with high substrate/reagent scope.3c Compared to P-N 

ligands, the lower impact of P-S analogues in metal-catalyzed asymmetric reactions has 

been mainly attributed to the difficulty to control the diastereomeric metal-sulfur 

mixtures formed in solution. More recently, it has been found that the configuration of 

the thioether group can be controlled by the selection of an adequate ligand backbone, 

and this has led to the recent discovery of P-thioether ligand families.3c  In next section 

we collect the families of P-thioether ligands that have been applied with most success. 

We focus on recent works and a quick overview of previous reports is also briefly 

incorporated when relevant.  

In 1995, Kang et al. reported the first application of the P-thioether ligand in the Pd-

catalyzed allylic alkylation of the benchmark linear hindered substrate with dimethyl 
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malonate (Figure 1.7) with a 91% ee and 65% yield.34 They applied the binaphthalene-

based phosphine-thioether ligand 25 (R= Me), analogue to the R-BINAP. The group of 

Shi et al. could increase the catalytic performance of Pd/25 (96% yield and 96% ee) after 

optimizing the conditions of use.38 Binaphthyl-based P–thioether ligands, where the 

chiral axis is the only stereogenic element, have found limited application and only 

Hagiwara et al. have reported some further applications. They prepared a range of 

BINAP’s ligands with new thioether alkyl and aryl substituent, ligands 25 (R = Ph, 2-iPrPh, 

2-Naph, 3,5-Xyl and Cy), that allowed to extend the range of nucleophiles tested to the 

less studied indoles.39 With ligand 25 (R= 2-iPrPh), a broad range of simple and 

substituted indoles could be successfully introduced (up to 95% ee), but the substrate 

scope was still limited to the hindered benchmark substrate. 

 

 

Figure 1.7. 1.1’-Binaphthalene-based phosphine-thioether ligands 25. 

Ferrocene-based compounds have been widely used as ligands in metal-catalyzed 

asymmetric reactions. In 1996, Pregosin et al. were the first to develop an heterodonor 

P-S ferrocene-based ligands (Figure 1.8, ligand 26) with a thioglucoside moiety, that 

provided 88% ee in the alkylation of rac-(E)-diphenylallyl acetate with dimethyl 

malonate as nucleophile.35 Since then, a broad range of P–thioether ferrocenyl ligands 

have been developed, frequently combining central and planar chirality. Among them, 

three families can be highlighted. The first one is the N–phosphine-thioether FerroNPS 

type ligands 27-29 (Figure 1.8). Ligands 27 (R = Et, tBu, Ph, Cy), with mixed planar/central 

chirality, have provided good results in the allylic substitution of the benchmark 

hindered substrate with dimethyl malonate, benzylamine and less studied benzylic 

alcohols as  nucleophiles (ee’s up to 96%).40  

Then, the families of ligands 28 (R = Ph, p-tol, Me, Et, iPr, tBu, Cy) and 29, related to 

FerroNPS and bearing imidazole or benzimidazole moieties, were applied in the allylic 

substitution of not only the benchmark linear substrate but also in two cyclic substrates 

(ee up to 87%) using indoles as nucleophiles, with enantioselectivities up to 96% ee.41 

Although the problem of substrate and nucleophile scope was still not solved, the 

promising results with other substrates different from the benchmark hindered linear 

substrate and with other nucleophiles, indicated that P-S ligands could be good 

candidates for further optimization.  
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Figure 1.8. Most successful ferrocene-containing P-S ligand families used for Pd-catalyzed 

asymmetric allylic substitution. 

The second family of ferrocene-based P-thioether ligands to be highlighted for Pd-

allylic substitution is the Fesulphos ligands 30 and 31 (R = Ph, 4-F-Ph, 4-CF3-Ph, 2-Fur, Cy) 

developed by Carretero group. Enantioselectivities up to 98% at -20 oC were attained 

with benchmark hindered substrate using both carbon and nitrogen nucleophiles.42 

Sterically demanding thioethers and electronically poor phosphines provided the best 

results (ligands 30, R= 4-FPh, 4-CF3Ph). Finally, the third family is the thioClick-Ferrophos 

ligands 32 and 33 that provided enantioselectivities up to 90% in the Pd-catalyzed allylic 

substitution of the linear benchmark substrate with dimethyl malonate, benzylamine 

and some benzylic alcohols.43 

Another group of relevant P-S ligands are those involving two carbon atoms between 

the two donor functionalities (Figure 1.9).3c,
 

37,
 

44 Among them we can highlight the 

phosphinite-thioether ligands 34 and 35,36b,
 

45 and the more recent families of 

phosphite–thioether 3646 and the phosphoramidite-thioether ligands 3747. The Evan’s 

ligand family 34 and 35 (R1 = Ph, 4-MeOPh, 2,3,5,6-tetra-FPh, 4-tBuPh, 3,5-diMePh, 1-

Nap, 2-Nap, Bn, Cy, tBu; R2 = Ph, 4-MeOPh, 2-MeOPh, 4-F-Ph, 3,5-di-(CF3)Ph, 3,5-diMePh, 

1-Nap, Cy; R3 = H, Me, R4 = H, Me) provided enantioselectivities up to 98% in the Pd-

catalyzed allylic alkylation and amination of the benchmark hindered substrate and of 

some cyclic substrates, but only moderate enantioselectivity (ee up to 65%) could be 

achieved for the less hindered linear substrate, rac-(E)-1,3-dimethylallyl acetate.36b,
 

45 

These catalytic systems required to work at low temperatures  (-20 °C). 

The phosphite-thioether ligand family 36 (Ar = Ph, Mes, R1 = 3,5-diMePh, 2,6-

diMePh, 4-OMePh, 4-BrPh, 4-tBuPh, 2-Nap, iPr, Cy, tBu, Ad, R2 = Me, Bn, CHPh2, CPh3) 

synthesized from arylglycidols have been successfully applied in the Pd-allylic 

substitution of the benchmark linear substrate with C-, N-, and the less studied O-

nucleophiles (ee up to 99%). Furthermore, they also attained good results in the 

alkylation of trisubstituted substrates rac-1,3,3-triphenylallyl acetate and rac-4,4-

diphenylbut-3-en-2-yl acetate (up to 97% ee). Compared with the previous Evan's 

ligands, they provided comparable enantioselectivities working at room temperature 

with shorter reaction times.46  
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The last family of P-S ligand with two carbon atoms between both functionalities is 

the (R)-BINOL-based ligands 37 (R1 = CH2Cy, R2 = 4-BrPh, R3 = Ph, H, Me, I) that were 

applied in the Pd-catalyzed allylic alkylation of disubstituted linear substrates with a 

range of indoles with excellent enantioselectivities (up to 98% ee). Furthermore, these 

ligands also performed well in the etherification and amination of hindered substrate 

providing high enantioselectivities (98% and 97% ee, respectively).48 

 

 

Figure 1.9. Selected P-thioether ligands featuring two carbon atoms between the two 
donor functionalities. 

Another group of P-thioether ligands studied are those derived from sugars. 

Carbohydrates are a cheap and a readily available source of chiral backbones for ligand 

synthesis with a modular backbone.49 The application of chiral sugar P-thioether ligands 

in catalysis was already introduced by Khiar et al. in 2005, with phosphinite-thioether 

ligands 38 (R1 = 2-OMePh, 4-MePh, tBu, R2 = Ac, H, TBDMS) and 39 (Figure 1.10). They 

were applied in the Pd-catalyzed allylic substitution of the hindered model substrate 

(ee's up to 96%).50 In addition, both enantiomers of the products could be obtained by 

using pseudo-enantiomeric ligands (38 vs 39), rather than preparing the corresponding 

P-S ligand from the expensive L-sugar derivative. However, still a narrow substrate and 

reagents scope was observed. 

 

 

Figure 1.10. Phosphinite-thioglycoside ligands 38 and 39. 

In P-thioether based ligands derived from carbohydrates, our group have recently 

contributed with two extensive ligand libraries (Figure 1.11). The first family was derived 

from D-xylose and after carefully optimization of the ligand parameters (configuration 

of C-3 of the sugar backbone, position of the thioether group at C-3 or C-5 and thioether 

and phosphite groups) high enantioselectivities were attained in the substitution of a 

range of substrate types (hindered and unhindered, cyclic and linear) using a wide range 

of C–, N– and O–nucleophiles with ligands 40 and 41 (R = Ph, 2,6-diMePh, 1-Naph).51 

While ligand 40 with an (S) configuration at C-3 provided the best enantioselectivities in 

the alkylation of cyclic and hindered linear substrates, for unhindered linear substrates 

the best enantioselectivities were achieved with ligand 41 with an (R) configuration at 

C-3. Therefore, the configuration of C-3 helps to adjust the size of the chiral pocked to 
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the steric demands of the substrate. We must highlight that the excellent 

enantioselectivities attained in the etherification of linear and cyclic substrates 

represent the first example of successful etherification of both substrate types. A DFT 

computational study indicated that the enantiodetermining steps agrees with an early 

transition state. Further studies on the π-allylpalladium intermediates indicated that for 

the achievement of high enantioselectivities, the ligand parameters need to be correctly 

combined so that either the fastest reacting Pd-intermediate is predominantly formed 

(for linear hindered and unhindered linear substrates) and/or one of the syn/syn (endo 

or exo) isomers is predominantly formed (for unhindered cyclic derivative). 

 

 

Figure 1.11. Furanoside-based P-thioether ligand library 40 and 41. 

The second family of phosphite-thioether ligands are those  prepared from L-(+)-

tartaric acid and D-(+)-mannitol (ligands 42 and 43; R1 = Ph, Me, tBu, 2,6-diMePh, Ad, 1-

Naph, 2-Naph; R2 = H, Ph; R3 = H, Me; R4 = H, Me; R5 = H, Me, CH2OTBDMS, CH2OTr; Figure 

1.12). 52 Their high modular nature allows up to 61 possible combinations by the proper 

choose of the ligand parameters. Excellent enantioselectivities were attained for a range 

of hindered and unhindered substrates (ee’s up to 99% and 91%, respectively).52 

Furthermore, the catalytic system was able to efficiently introduce several C-, N- and O-

nucleophiles. To obtain the highest enantioselectivities, a (R)-configured bulky alkyl 

group next to the phosphite moiety and an enantiopure biaryl phosphite moiety were 

needed. However, while an (S)-biaryl phosphite group was needed for hindered linear 

substrates (43a), an (R)-chiral biaryl phosphite group (43b) was preferred, for the less 

sterically demanding linear substrate rac-(E)-1,3-dimethylallyl acetate. In addition, for 

cyclic substrates both enantiomers of the product could be obtained by setting up the 

desired configuration of the biaryl phosphite group. Finally, studies of the key π-

allylpalladium intermediates showed that for high enantioselectivity, the ligand 

parameters needed to be properly combined to either enhance the difference in the 

population of π-allylpalladium isomers formed or enhance the electronic differentiation 

between the most electrophilic allylic terminus carbon atoms of the isomeric 

intermediates formed.  
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Figure 1.12. L-Tartaric acid and D-manitol derived ligand library 42 and 43. 
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The main objective of this thesis is to develop new chiral compounds for their 

application as chiral ligands in relevant enantioselective metal-catalyzed reactions. The 

more specific aims are: 

1. The design of two new heterodonor ligand libraries to overcome the substrate 

specificity and the still low activities in the Pd-catalyzed asymmetric allylic 

substitution. In this respect, air stable and modular phosphite/phosphinite-thioether 

(L1-L8a-c,f-i) and phosphite-oxazoline (L9-L15a,d-e) ligand libraries will be prepared 

and tested (Figure 2.1). In addition, some of the substitution products will we further 

derivatized for the synthesis of more complex chiral Molecules. 

 

Figure 2.1. Phosphite/phosphinite-thioether (L1-L8a-c,f-i) and phosphite-oxazoline (L9-

L15a,d-e) ligand libraries developed for this thesis. 

 

2. The preparation of phosphabarralene/5-phosphasemibullvalene-pyridine ligands L16-

L21 to be applied in the near future in enantioselective allylic and propargylic 

catalyzed substitutions, as well as metal-catalyzed asymmetric hydrogenations 

(Figure 2.2). 

 
Figure 2.2. The phosphabarralene/5-phosphasemibullvalene-pyridine ligands L16-L21 

developed for this thesis. 
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3.1. Introduction 

 

The production of new chemicals should bear in mind the principles of green 

chemistry. In this respect, reducing the amount of waste, energy consumption and 

reaction by-products is nowadays a must. For this reason, catalysis has become a reliable 

strategy according of the principles of green chemistry.1 

  Concretely, in the production enantiopure products which are present in many 

pharmaceuticals and agrochemicals, asymmetric catalysis is one of the more used 

strategies since with the proper choose of the catalytic system, high levels of conversion 

and enantiopurity can be achieved.2 In this regard, Pd-catalyzed allylic asymmetric 

substitution is very convenient since allows the creation of new C-C, C-heteroatom 

bonds with high levels of stereoinduction from readily available starting materials. 

Furthermore, this transformation allows the process in the presence of other functional 

groups and requires very mild reaction conditions.  In addition, the presence of an alkene 

allows its further derivatization in several possibilities.3 In this reaction, one of the most 

crucial parameters to optimize is the correct choose of them. For this reason, several 

ligands have been studied to evaluate the yield, selectivity, and the substrate scope. 

Among all ligands studied, heterodonor P-oxazoline ligands (such as PHOX ligands) have 

proved to be more advantageous than their homodonor analogs since trans effect plays 

a crucial role differentiating between the two allylic carbons. When heterodonor ligands 

are used, the nucleophilic addition takes place the carbon trans to the more donor group 

(which has a strong trans effect). In this respect, our group has developed several ligands 

containing a biaryl-phosphite. The introduction of this group has proved to be 

advantageous since biaryl-phosphite groups are fluxional enough to accommodate 

several different substrates with different steric demands and therefore, favoring the 

substrate scope.4  

Although uncountable Pd-asymmetric allylic substitution studies have been 

published there is still several issues about this process. For example, the more 

successful ligands for this reaction (such as Trost and PHOX ligands) work well for either 

hindered or unhindered substrates and give poor ee’s for the other substrate type. 

Moreover, they scarcely tolerate a broad range of nucleophiles. Thus, the application of 

this reaction in new substrates or nucleophiles usually requires an optimization process 

to find the best performing ligand which is in general time consuming. As result, the 

search of a ligand that tolerates several different substrates and nucleophiles is still 

highly needed.  Furthermore, this search should consider that the ligand must be easy 

to synthesize from readily available chiral synthons (i.e., from chiral pool) and easy to 

handle (i.e, air stable solids).3  

Among other heterodonor ligands, the replacement of the oxazoline group by a 

thioether moieties have been also studied. In general, P-thioether ligands are more 

robust and easier to synthesize than the oxazoline counterparts.5 Nevertheless, most of 

the P-thioether ligand applications have a limited substrate and nucleophile scope. A 

plausible explanation can be found in the fact than when thioether groups are 
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coordinated, they become a new stereogenic center that in most cases produce 

diastereomeric mixtures in solution that affect to the performance of the system.6 

However, if the ligand scaffold can control the configuration on sulfur atom when 

coordinated to the metal center, this provides a new chiral center closer to the metal 

that in most cases can be beneficial in terms of enantioselectivity. In this regard, our 

group has also has successfully applied several heterodonor P-S ligands in Pd-AAS.5e, 7 

For example, in 2014 our group disclose a Pd/phosphite-thioether furasonide-based 

system in Pd-AAS that were able to generate C-C and C-heteroatom bonds with either 

hindered or unhindered substrates with a range of C, N, and O-nucleophiles. The results 

in terms of enantioselectivities and yields were comparable to the best performing 

systems in the literature. Although the ligands were synthesized from unexpensive D-

xylose, the synthesis required from many steps.7c, 8 For this reason, and having in mind 

all these considerations, we decided to give a push to P-heterodonor-based catalytic 

systems by designing a new P-thioether ligand library (Ligands L1-L8a-c,f-i Figure 3.1) 

from unexpensive indene for Pd-catalyzed asymmetric allylic substitution reactions.  

 

 

Figure 3.1. Phosphite/phosphinite-thioether ligand library L1-L8a-c,f-i.  

 

The ligand design has several advantages compared to other P-S ligand libraries. The 

first one is that the preparation of this ligand library requires only three steps. The 

second advantage is that Jacobsen epoxidation of indene guarantees that both indene 

oxide stereoisomers are available with high enantiomeric excesses (>99%). The third one 

is that ring opening reaction with the corresponding thioether allows selectively the 

synthesis of a myriad of different thioethers.9 And finally, the resulting trans-alcohol 

allows the installation of either a phosphite or a phosphinite moiety. This step wise 

synthesis allows the systematic furnish of each module (first thioether group and then 

phosphite/phosphinite moiety) which is highly beneficial to synthesize several 

candidates for a screening. In this case, the performance of this system was studied 

systematically by varying the electronics and sterics on thioether group, the P group 

(phosphite-vs-phosphinite), and the configuration of the biaryl phosphite moiety. 

Moreover, the simplicity of the ligand backbone should facilitate the identification 

of the key intermediates by NMR (fewer overlapping signals) and DFT studies. Both DFT 

and the study of the intermediates by NMR were crucial to fully understand the origin 

of the enantioselectivity and therefore find the optimal ligand. The optimal ligand was 

applied to a broad range of nucleophiles (C-, N- and O-) and substrates (in total 26 
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products). In order to test the system in a more sustainable way, we also tested it in 

propylene carbonate that in contrast with dichloromethane is more environmentally 

friendly.10  

 

3.2. Results and discussion 

 

3.2.1. Ligand synthesis and first screening 

 

The corresponding phosphite/phosphinite-thioether ligands were straightforward 

prepared in only three steps from inexpensive indene 1 (ca. 17 €/kg) (Scheme 3.1). 

 

 
(a) (R,R)-Mn-salen catalyst, 4-PPNO, aq NaClO, CH2Cl2;11 (b) RSH, NaOH, dioxane/water (10:1);12 (c) 

ClP(OR1R2)2 for a-c, Pyr, toluene; (d) ClPR3
2 for f-i, TEA, toluene.  

Scheme 3.1. Synthesis of phosphite/phosphinite-thioether ligands L1-L8a-c,f-i from indene. 

 First, epoxidation of indene 1 with Jacobsen catalyst and subsequently 

recrystallization afforded the enantiopure indene oxide in high yields and excellent 

enantioselectivity (>99% ee).11, 13 Then, the chiral epoxide 2 was opened in a stereo- and 

regioselective manner with the corresponding thiol in basic media in dioxane/water as 

solvent.12 Initially, seven different thiols with different electronic and steric properties 

were introduced (compounds 3-9). The hydroxy group allowed to synthesize either 

phosphinite or phosphite moieties in only 1 more step from the corresponding 

chlorophosphine or chlorophosphite. The ligands were obtained in high yields as white 

solids in case of phosphites (L1-L7a-c) and colorless oils in the case of phosphinites (L1-

L7f-i). Whereas all phosphite-containing ligands were stable, the phosphinite analogues 

showed slow decomposition even when they were stored at -20 °C.  
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With the ligands L1-L7a-c,f-i in hand, we evaluated them in the Pd-catalyzed allylic 

alkylation of two substrates, the hindered rac-(E)-1,3-diphenylallyl acetate (S1) and the 

more challenging cyclic unhindered rac-cyclohex-2-en-1-yl acetate (S2) using dimethyl 

malonate as nucleophile. The results are summarized in Table 3.1 Our system showed a 

promising catalytic activity obtaining full conversions (except L1h) with ee values up to 

97% in the case of S1 and up to 88% in case of S2. Moreover, our system was extremely 

active observing TOF values around 2000 mol substrate × (mol Pd × h)−1).  
 

Table 3.1. Selected results for the Pd-catalyzed allylic alkylation of model substrates S1 and 
S2 with dimethyl malonate using the ligand library L1-La-c,f-i.a  

 
  

 

 

 

Entry L % Conv (h)b %eec  % Conv (h)b %eec 

1 L1a 100 (0.5) 17 (R)  100 (2) 15 (S) 

2 L1b 100 (0.5) 90 (R)  100 (2) 66 (R) 

3 L1c 100 (0.5) 75 (S)  100 (2) 61 (S) 

4 L1f 100 (0.5) 50 (R)  100 (2) 28 (S) 

5 L1g 100 (0.5) 25 (R)  100 (2) 11 (S) 

6 L1h 5 (0.5) 32 (R)  10 (2) 28 (S) 

7 L1i 100 (0.5) 4 (R)  100 (2) 14 (R) 

8 L2b 100 (0.5) 90 (R)  100 (2) 62 (R) 

9 L3b 100 (0.5) 84 (R)  100 (2) 60 (R) 

10 L3g 100 (0.5) 63 (R)  100 (2) 77 (S) 

11 L4b 100 (0.5)d 97 (R)  100 (2) 85 (R) 

12 L5b 100 (0.5) 96 (R)  100 (2) 86 (R) 

13 L5c 100 (0.5) 80 (S)  100 (2) 84 (S) 

14 L5f 100 (0.5) 28 (R)  100 (2) 13 (S) 

15 L5g 100 (0.5) 40 (R)  100 (2) 11 (S) 

16 L6b 100 (0.5) 96 (R)  100 (2) 88 (R) 

17 L7b 100 (0.5) 97 (R)  100 (2) 87 (R) 

18e L5b 100 (0.5) 96 (R)  100 (2) 85 (R) 
a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), dimethyl 
malonate (3 eq), KOAc (pinch) at rt for the indicated time. b Conversion percentage determined by 1H-
NMR. c Enantiomeric excesses determined by HPLC for S1 and GC for S2. Absolute configuration drawn 
in parentheses. d TOF calculated is 2000 mol/h using 0.25% mol of Pd precursor. e Propylene carbonate 
was used as solvent and the reaction temperature was 40 °C.  

To analyze the contribution of P-donor groups on this catalytic system we compared 

the effect of having a phosphinite or a phosphite. Whereas by using phosphite groups 

we could attain enantioselectivities up to 97% and 87% for S1 and S2, respectively (entry 

17, ligand L7b), lower enantiomeric excesses were found when phosphinite analogues 

were used (entries 4-7). After that, we compared the phosphite ligands each other 

(entries 1-3).  In this aspect, it drives our attention that phosphite ligands with axial 

chirality in the biaryl phosphite group (b and c) showed better performance in terms of 
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ee values than those analogues with an achiral biaryl group (a) (entry 1 vs entries 2-3). 

For S1, we could observe cooperative effect between the configurations of the backbone 

and the biaryl phosphite group, being the match cases those which have (R) 

configuration on the biaryl phosphite group (c). In contrast, when S2 was alkylated, no 

cooperative effect was observed.  

Another aspect to analyze is the contribution of the nature of thioether groups. In 

this respect, ligands containing alkyl groups showed lower levels of enantioinduction 

than their aryl-thioether analogs (ligands L1-L3 vs L4-L7, entries 1-10 and 4-18, 

respectively).   

To sum up, the best enantiomeric excesses for S1 (up to 97% ee) were obtained using 

ligands which have an aryl thioether group and a (R) configuration on the biaryl 

phosphite moiety (entries 11-12 and 16-17). In contrast, for S2 the best ee values (up to 

88%) were achieved by using ligands with an aryl thioether group regardless the 

configuration on the biaryl phosphite used (entries 16-17). Interestingly, both 

enantiomers of the alkylated product from S2 are easily accessible by just changing the 

configuration of the biaryl phosphite group (entries 12-13). 

To improve the sustainability of this transformation, we also tested our catalytic 

system with propylene carbonate as greener solvent than dichloromethane. Despite its 

advantages, it has been scarcely used in Pd-AAS and the only examples found are with 

the benchmark substrate S1.10b, 14 To our delight, when S1 and S2 were alkylated in 

propylene carbonate, the corresponding products were obtained in high yields and 

enantioselectivities comparable to those obtained with dichloromethane as solvent 

(entries 12 and 18). 

 

3.2.2. Optimization of ligand parameters by DFT calculations 

 

In order to fine-tuning the ligand and with the aim of improve the 

enantioselectivities achieved, we further performed DFT studies. Previous calculations 

on this reaction have shown that the enantioselective step is the nucleophilic attack on 

the Pd-allyl complex. Transition states in this process can be either early or late 

depending on several parameters such as, the ligand used, the nucleophile and the 

reaction conditions. In the case of late transition state, the TS resembles on the Pd-olefin 

complexes.15  

For this reason, we calculated the TS’s and the Pd-olefin complexes relative energies 

using the model hindered substrate S1 with dimethyl malonate as nucleophile and using 

ligands L5b and L5c that differ on the configuration of the biaryl phosphite (Table 3.1, 

entries 12 and 13). The contribution of more energetic species such as anti-anti and syn-

anti was not considered and only the more stable syn-syn allyl species were calculated.3c 

In the calculations, the configuration on the thioether was considered as well as the 

attack of the nucleophile trans to P and S. The reason for this is that the trans effect of 

P-S ligands is usually less exacerbated than their P,N-ligands counterpart and little 

differences in electronics and sterics can change the trans preference in the TS.8, 16 As 
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we can see in Table 3.2, the relative energies of calculated TS’s matched with the 

experimental results. The calculated enantioselectivity values for L5b (eecal > 99% (R)) 

were higher than for L5c (96% (S)), following the same trend than the experimental 

values (96% ee (R) for L5b and 80% ee (S) for L5c).  

 

Table 3.2. Relative energies and representation of most stable R- and S- transition states and 
the most stable R- and S- Pd-π-olefins for S1 with dimethyl malonate and L5b-c as 
ligands.  

 Transition States Pd-olefin complexes 

L TS(R) TS(S) 
% 
ee 

cal 

% 
ee 

exp 

Pd-olefin(R) Pd-olefin(S) 
% 
ee 

cal 

% 
ee 

exp 

L5b 

 

>99 
(R) 

96 
(R) 

 

>99 
(R) 

96 
(R) 

L5c 
96 
(S) 

80 
(S) 

>99 
(R) 

80 
(S) 

Z = CO2Me 

 

Furthermore, the DFT studies show that the change of the configuration on the biaryl 

phosphite moiety leads to the preferential formation of the opposite enantiomer which 

is in agreement with the experimental results. Also, in contrast with the results obtained 

for L5b, with ligand L5c both enantiomers come from TSs with exo coordination of the 

substrate, where the nucleophile attacks trans to P (minor enantiomer) or trans to S 

(major enantiomer). It is also evident that results for Pd-olefin intermediates do not 

correlate with the experimental results as for both ligands the major product should be 

(R) with calculated ee values of more of 99%. 

The origin of enantioselectivities for Pd/L5b and Pd/L5c catalytic systems was 

difficult to elucidate. Furthermore, the distortion/interaction analysis was neither 

conclusive. Fortunately, the quadrant analysis was more informative (Figure 3.2). The 

repulsion between one phenyl substituent of S1 and the biaryl phosphite group seems 

to be crucial. Thus, the difference configuration on the biaryl phosphite moiety in both 

ligands, place the sterics on a different quadrant, therefore, giving the opposite 
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enantiomers. But it is not only the phosphite sterics that plays a role on 

enantiodiscrimination. The thioether bulk plays also an important role since its 

substituent push closer the substrate and the catalyst and therefore it increases the 

enantioselectivity.  

 

 

Figure 3.2. Schematic representation of quadratic model of the most stable TSs for ligands 
L5b and L5c. Steric effects from the phosphite are represented by the orange boxes. 

 

Taking into account the role of the steric bulk exerted by the thioether substituent, 

we further investigated if a fine tuning on the sulfur bulkiness could be beneficial to 

increase the ee’s values for alkylation of cyclic unhindered substrate S2.  For this, we 

performed the corresponding TS’s calculation using the ligand L5b (with thioether 

containing 2,6-dimethylphenyl group) as well as related ligands with a 2,6-iPr-C6H4 and 

an anthryl group respectively (Table 3.3). In this case, ammonia was used as nucleophile 

to speed up the calculations.17  

 

Table 3.3. Results for the calculated enantioselectivities for S2 and the corresponding  
obtained experimentally.a 

R—S L ΔΔG‡
cal (kJmol-1) %eecal %eeexp 

 

L5b 1.2 9 (R) 86 (R) 

 

 2.1 35 (R)  

 

L8b 6.8 74 (R) 94 (R)a 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
dimethyl malonate (3 eq), KOAc (pinch) at rt for 2 h.  The alkylation with L8c gave 93% ee (S). 

 

The results shown in Table 3.3, clearly showed that by increasing the rigidity of the 

thioether group, the energy difference between the TS’s leading to opposite 

enantiomers increased. As result, the computational calculations suggested that the 

introduction of an anthryl group should have a positive effect on enantioselectivity. 
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Encouraged by these results, we synthesized and applied the new ligand with an anthryl 

thioether group (L8b). The application of Pd/L8b in the allylic alkylation of S2 lead to an 

increment of ee value from 88% to 94%, which agrees with the computational results. 

This result is comparable to the best one reported for this substrate. To our delight, 

when L8b was also applied in the alkylation of S1 the enantioselectivity increased from 

97% (L7b) to 99% (R).  

 

3.2.3. Allylic substitution with Pd/L8b system using several different nucleophiles 

 

After ligand optimization, we next tested our best performing ligand L8b with several 

different C-, N- and O-nucleophiles. First, we started with the alkylation of S1 with 

Pd/L8b catalytic system with several carbon nucleophiles. The results are summarized 

in Table 3.4.  

Non-substituted malonates were alkylated in high yields and excellent 

enantioselectivities (up to 99% ee, entries 1 and 2). Then, we tested a set of different 

substituted malonates, such as allyl-, butenyl, pentenyl-, or propargyl-substituted 

malonates that are by far more interesting in a synthetic point of view and challenging 

in Pd-asymmetric allylic alkylation than the non-substituted ones. Interestingly, the 

substituted malonates were alkylated from very good to excellent yields and with 

excellent enantiomeric excesses regardless substitution pattern in the malonate (up to 

99% ee, entries 3-7). Then, we further tested other C-nucleophiles rather than 

malonates. In the case of acetylacetone and malonitrile we obtain the alkylated product 

with high level of enantiocontrol (entries 8 and 9). In the case of isopropyl cyanoacetate, 

we could achieve excellent ee values albeit with low diastereomeric control.18 Finally, 

two pyrroles were also tested as nucleophiles the alkylation of S1. Pyrroles are 

interesting from medicinal chemistry point of view as they have been found in several 

biologically active molecules.19 Their use in Pd-catalyzed allylic alkylation has been 

reported in only one reference with S1-type substrates requiring low temperatures (-20 

°C) to attain high ee’s.20 It must be mentioned that systems using privileged ligands such 

Trost ligands are not compatible with the use of pyrroles.20 To our delight, our P-S ligand 

was able to alkylate S1 with very good yields and excellent ee values (up to >99% ee, 

entries 11 and 12). 
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Table 3.4. Pd-catalyzed allylic substitution of S1 with optimal ligand L8b several different C-
nucleophiles.a 

 

Entry Product 
% 

Yieldb 

% 
eec Entry Product 

% 
Yield 

% ee 

1 

 

94 99 ® 7 

 

90 
99  
(S) 

2 

 

92 98 ® 8 

 

88 
98  
(S) 

3 

 

92 
97 
(S) 

9 

 

84 
98  
(R) 

4 

 

93 
98 
(S) 

10 

 

82  
(3:2 dr) 

98/97 

5 

 

89 
98 
(S) 

11d 

 

87 
96  
(S) 

6 

 

91 
95 
(S) 

12d 

 

85 
>99 
(S) 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
Nucleophile (3 eq), KOAc (pinch) at rt for 30 min. b Full conversion. C Determined by HPLC. d 2 mol % 
[PdCl(η3-C3H5)]2, 4.4 mol % ligand CH2Cl2 (2 ml), K2CO3 (2 equiv) at rt for 18 h. 

 

We then moved to the allylic substitution using amines as nucleophiles (Table 3.5). 

Amines are present in myriad of pharmaceutically active compounds and represent one 

of the most valuable nucleophile group in this transformation3l.  

First, we tested benzylamine obtaining a very good yield and an excellent 

enantioselectivity (entry 1, 99% ee). After that, we further tested substituted 

benzylamines such as those furnished with p-methoxy and p-trifluoromethane groups. 

In both cases, good yields and excellent enantioselectivities were obtained (entries 2 

and 3). Our Pd/L8b catalytic system was able to attain excellent enantiocontrol when 

using furfurylamine, morpholine or even allylamine which contains another double 

bound that can be further derivatized for the synthesis of more complex chiral molecules 

(entries 4-6). 

UNIVERSITAT ROVIRA I VIRGILI 
DEVELOPMENT OF TAILOR-MADE CATALYST LIBRARIES FOR THE CONSTRUCTION 
OF CHIRAL C-X (X= C, N AND O) BONDS. APPLICATION TO THE SYNTHESIS  
OF COMPLEX MOLECULES 
Joan Saltó de la Torre 



DFT guided of a P-thioether ligand library for Pd-AAS rections 

   

 
 35  

Table 3.5. Pd-catalyzed allylic substitution of S1 with optimal ligand L8b several N- and O-
nucleophiles.a 

 

Entry Product 
% 

Yieldb 

% 
eec Entry Product 

% 
Yieldb 

% 
eec 

1 

 

88 
99 
(S) 

7d 

 

92 
99 
(S) 

2 

 

81 
99 
(S) 

8d 

 

90 
98 
(S) 

3 

 

78 
99 
(S) 

9d 

 

91 
98 
(R) 

4 

 

83 
97 
(S) 

10d 

 

93 
98 
(S) 

5 

 

87 
98 
(S) 

11d 

 

83 
96 
(S) 

6 

 

79 
97 
(S) 

12d 

 

78 
>99 
(S) 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
Nucleophile (3 eq), KOAc (pinch) at rt for 30 min. b Full conversion.  c Determined by HPLC. d 2 mol % 
[PdCl(η3-C3H5)]2, 4.4 mol % ligand CH2Cl2 (2 ml), Cs2CO3 (3 equiv) at rt for 18 h. 

 

Encouraged by the enantiomeric control that our Pd/L8b catalytic system showed, 

we further tested it in allylic etherification of S1 (Table 3.5). It is worth to mention that 

Pd-catalyzed allylic etherification has been less studied, and the examples found mostly 

deal with phenols that have, by far, a lower pKa value than the corresponding alkyl-

alcohols.21 To prove our catalytic system we focused in the use of alkyl alcohols. Thus, 

we choose benzyl and allyl substituted alcohols. To our delight, high yields and 

enantioselectivities were attained regardless the alcohol used. Nevertheless, it was 

required to increase the catalyst loading and the use of Cs2CO3 as base to obtain these 

excellent results (entries 7-11). We also achieved high yield and enantioselectivity in the 

etherification of S1 using triphenylsilanol which after alkylation gave the corresponding 

chiral silyl ether (entry 12). This route allows then the obtention of chiral silyl-protected 

alcohols which are interesting for organic synthesis. To sum up, enantioselectivities 

obtained when alcohols were used as nucleophiles have remained as high as those 

obtained with dimethyl malonate. 

UNIVERSITAT ROVIRA I VIRGILI 
DEVELOPMENT OF TAILOR-MADE CATALYST LIBRARIES FOR THE CONSTRUCTION 
OF CHIRAL C-X (X= C, N AND O) BONDS. APPLICATION TO THE SYNTHESIS  
OF COMPLEX MOLECULES 
Joan Saltó de la Torre 



Chapter 3 

  36  

Next, we tested our Pd/L8b catalytic system in the allylic alkylation of other hindered 

substrates with different electronic and steric properties than S1. The results are 

summarized in Table 3.6. We were able to alkylate them from very good to excellent 

yields and in all cases excellent enantioselectivities regardless their electronic properties 

(entries 1-4) as well as the steric properties (entries 5-6). 

 

Table 3.6. Pd-catalyzed allylic alkylation of substrates other hindered substrates S3-S7 using 
carbon nucleophiles.a  

 

Entry Substrate Product % Yieldb % eec 

1 S3 

 

98 98 (R) 

2 S3 

 

87 97 (R) 

3 S4 

 

89 96 (R) 

4 S5 

 

91 97 (R) 

5 S6 

 

87 99 (R) 

6 S7 

 

91 >95% (R) 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
dimethyl malonate (3 eq), KOAc (pinch) at rt for 2 h.  b Full conversion. d Measured by HPLC. 

 

Next, as previously mentioned, catalytic systems able to alkylate both hindered and 

unhindered substrates with good ee values are very difficult to find. Thus, we tested our 

Pd/L8b catalytic system in the alkylation of three unhindered substrates: S2, S8 and S9 

which differ in the ring size. The results are summarized in Table 3.7. For cyclohexenyl 
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derivative S2, we could attain high enantioselectivities regardless the nucleophile used 

(entries 1-6, ee’s up to 97%). Interestingly, the excellent catalytic performance was 

maintained with the 7-membered cyclic substrate S9 (entries 9 and 10, ee’s up to 96%), 

as well as for the more challenging 5-membered cyclic substrate S8 (entries 7 and 8, ee’s 

up to 85%). 

 

Table 3.7. Allylic alkylation of unhindered cyclic substrates using different carbon 
nucleophiles.a 

 

Entry S. Product 
% 

Yieldb 
% 

eec 
Entry S. Product % 

Yieldb 

% 
eec 

1 S2 

 

87 
95 
(R) 

6 S2 

 

82 
90 
(-) 

2 S2 

 

84 
95 
(R) 

7 S8 

 

80 
84 
(-) 

3 S2 

 

87 
91 
(R) 

8 S8 

 

83 
85 
(-) 

4 S2 

 

84 
94 
(R) 

9 S9 

 

90 
96 
(R) 

5 S2 

 

86 
87 
(R) 

10 S9 

 

92 
96 
(R) 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
dimethyl malonate (3 eq), KOAc (pinch) at rt for 2 h.  b Full conversion. e Measured by HPLC or GC. 
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3.2.4. Study of Pd-allyl intermediates by NMR 

 

To fully understand the catalytic process we also synthesized, characterized and 

studied the relative reactivity toward the nucleophile of the Pd-allyl intermediates 

[Pd(ƞ3-allyl)(P-S)]BF4 with the ligands L5b and L5c. 

 

 

Scheme 3.2. Synthesis of the [Pd(ƞ3-allyl)(P-S = L5b-c)]BF4 intermediates 53-56. 

All complexes were synthesized in as previously reported22 and fully characterized 

by 1H, 13C and 31P{1H} NMR spectroscopy as well as by ESI-TOF-HRMS. Unfortunately, we 

were not able to grow suitable crystals for x-ray structure determination. 

To understand the relation between the configuration of the alkylated product and 

the configuration of biaryl phosphite group in the allylic substitution of S2, we compared 

53 (Pd/L5b) with 54 (Pd/L5c). In VT-NMR study (30 °C to -80 °C) we observed the 

presence of almost one single isomer (ratio 95:5, Scheme 2.1.3). We could assign 

unambiguously by NOE that the preferential coordination mode of the allyl group was 

exo for 53 and endo for 54 respectively. In both cases, the configuration of the thioether 

of both intermediates was (S). DFT calculations agreed with the assignment of the 

complexes. The results showed that 53 the Pd(ƞ3-exo) isomer was 9.5 kJmol-1 more 

stable than the Pd(ƞ3-endo) while for 54 the difference between endo and exo isomers 

is 7.3 kJ/mol. It is also worth to mention that 13C NMR shifts indicates for both complexes 

53 and 54 that the more electrophilic carbon was trans to phosphite group. Thus, 

assuming that nucleophilic attack takes place at the more electrophilic allyl carbon 

terminus, the diastereomeric ratio of Pd-allyl intermediates matches with the 

enantioselectivity observed (86% ee (R) for L5b and 84% ee (R) for L5c). That indicates 

that both intermediates react at a similar rate. To sum up, in the allylic substitution of 

S2, the endo and exo population of the Pd-allyl intermediates determines the 

stereochemical outcome of the reaction. 

To further understand the relation of the configuration of phosphite moiety and the 

enantioselectivity observed for S1, we compared complex 55 (Pd/L5b) and complex 56 

(Pd/L5c). In this case, the enantioselectivities achieved indicate that L5b provides higher 

enantioselectivity than L5c which differs from S2. The VT-NMR (from 30ׄ °C to -80 °C) of 

complexes 55 and 56 indicated the presence of two syn/syn isomers in solution at ratios 

of 93:7 and 70:30, respectively. Nevertheless, NOE experiments did not allow the 

complete elucidation of the 3D structures of the Pd-allyl intermediates. The assignment 

was carried out by DFT studies as well as by the reactivity study of the Pd-allyl complexes 
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with sodium malonate at low temperature. These studies indicated that for complex 55, 

the minor endo isomer reacts around 20 times faster than the major exo isomer. 

Whereas for complex 56, the major exo isomer reacts 3.5 times faster than the minor 

endo isomer. Therefore, for S1 the enantioselectivity seems to be controlled by the 

different reactivity of allyl intermediates towards nucleophilic attack.  

 

 

Scheme 3.3. Diastereomeric pairs of Pd-allyl intermediates for S1 and S2 and computed 
relative energies by DFT. 

 

 

. 
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3.3. Conclusions  

 

We have designed a small but reliable P-S ligand library for Pd-catalyzed asymmetric 

allylic substitution. These ligands were synthesized in only three steps from unexpensive 

indene. The combination of experimental and theoretical studies has led to the design 

of an optimal, solid, and air-stable phosphite-anthracenethiol derivative with excellent 

behavior in Pd-catalyzed allylic substitution reactions. Improving the results reported to 

date, this ligand presents a broad substrate and nucleophile scope. Excellent 

enantioselectivities have been achieved for a range of linear and cyclic allylic substrates 

using a large number of C-, N-, and O-nucleophiles (40 compounds in total). The species 

responsible for the catalytic activity have been also further studied by NMR to clearly 

establish the origin of the enantioselectivity.  

 

3.4. Experimental part 

 

All reactions were carried out using standard Schlenk techniques under an argon 

atmosphere. Commercial chemicals were used as received. Solvents were dried by 

means of standard procedures and stored under argon. 1H, 13C{1H} and 31P{1H} NMR 

spectra were recorded using a Varian Mercury-400 MHz spectrometer. Chemical shifts 

are relative to that of SiMe4 (1H and 13C{1H}) as an internal standard. Racemic substrates 

S1-S9 and Ligands L1f and L5f are known compounds and they were prepared as 

previously reported.23 The NMR copies can be found in the electronic supporting 

information provided with this thesis.  

 

3.4.1. General procedure for the regio- and stereospecific ring opening of 2. 

Preparation of thioether alcohols 3–10 

 

A solution of (−)-indene oxide 2 (2 mmol, 264 mg) in dioxane (4.5 ml/mmol of indene 

oxide) is treated with the corresponding thiol (3 mmol). Then, a solution of NaOH (3 

mmol, 120 mg) in water (0.45 ml/mmol of indene oxide) is added dropwise. The reaction 

mixture is capped and stirred at 55 °C until the epoxide is consumed according to TLC 

analysis (ca. 45–60 min). After this, the mixture is cooled to room temperature, diluted 

with water, and extracted with CH2Cl2 (3 × 20 ml). The combined organic layers are dried 

over Na2SO4 and concentrated to give a residue that is purified by flash chromatography 

on silica gel to give the desired thioether alcohol. 

 

3.4.2. Characterization details for the thioether alcohols 3-10 
 

(1S,2S)-1-(Isopropylthio)-2,3-dihydro-1H-inden-2-ol (3). Yield: 308 mg (74%), white 

solid. SiO2-chromatography (gradient from cyclohexane/EtOAc = 100:0 to 
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cyclohexane/EtOAc = 80:20). 1H NMR (400 MHz, CDCl3): δ= 1.34 (d, 3H, CH3, 
iPr, 3JH-H =6.7 

Hz), 1.38 (d, 3H, CH3, 
iPr, 3JH-H =6.7 Hz), 2.07 (bs, 1H, OH), 2.86 (dd, 1H, CH2, 2JH-H =16.1, 

3JH-H =4.4 Hz), 3.14 (hept, 1H, CH, iPr, 3JH-H =6.7 Hz), 3.38 (dd, 1H, CH2, 2JH-H =16.1, 3JH-H 

=6.2 Hz), 4.13 (d, 1H, CH-S, 3JH-H =4.1 Hz), 4.46-4.49 (m, 1H, CH-O), 7.22 (bs, 3H, CH=), 

7.36 (m , 1H, CH=).13C NMR (100.6 MHz, CDCl3): δ= 23.8 (CH3), 24.2 (CH3), 35.5 (CH), 39.9 

(CH2), 55.9 (CH-S), 79.9 (CH-O), 125.1 (CH=), 125.4 (CH=), 127.1 (CH=), 127.9 (CH=), 140.0 

(C), 141.3 (C). 

(1S,2S)-1-(Propylthio)-2,3-dihydro-1H-inden-2-ol (4). Yield: 325 mg (78%), white 

solid. SiO2-chromatography (gradient from cyclohexane/EtOAc = 100:0 to 

cyclohexane/EtOAc = 80:20). 1H NMR (400 MHz, CDCl3): δ= 1.01 (t, 3H, CH3, 
nPr, 3JH-H =7.3 

Hz), 1.66 (sext, 2H, CH2, 
nPr, 3JH-H =7.3 Hz), 2.10 (bs, 1H, OH), 2.53 (dt, 1H, CH2, 2JH-H =12.3, 

3JH-H =7.3 Hz), 2.60 (dt, 1H, CH2, 2JH-H =12.3, 3JH-H =7.3 Hz), 2.87 (dd, 1H, CH2, 2JH-H =16.1, 
3JH-H =4.7 Hz), 3.37 (dd, 1H, CH2, 2JH-H =16.1, 3JH-H =6.3 Hz), 4.09 (d, 1H, CH-S, 3JH-H =4.3 Hz), 

4.49 (quint, 1H, CH-O, 3JH-H =5.0 Hz), 7.32-7.40 (m, 1H, CH=), 7.20-7.25 (m, 3H, CH=). 13C 

NMR (100.6 MHz, CDCl3): δ= 13.6 (CH3), 23.2 (CH2), 33.0 (CH2), 39.8 (CH2), 57.0 (CH-S), 

79.3 (CH-O), 125.1 (CH=), 125.3 (CH=), 127.1 (CH=), 127.9 (CH=), 140.1 (C), 140.6 (C). 

(1S,2S)-1-(tert-Butylthio)-2,3-dihydro-1H-inden-2-ol (5). Yield: 320 mg (72%), pale 

orange solid. SiO2-chromatography (gradient from cyclohexane/EtOAc = 100:0 to 

cyclohexane/EtOAc = 80:20). 1H NMR (400 MHz, CDCl3): δ= 1.45 (s, 3H, CH3, 
tBu), 2.29 

(bs, 1H, OH), 2.86 (dd, 1H, CH2, 2JH-H =15.8, 3JH-H =5.6 Hz), 3.32 (dd, 1H, CH2, 2JH-H =15.8, 
3JH-H =6.4 Hz), 4.03 (d, 1H, CH-S, 3JH-H =5.3 Hz), 4.39-4.44 (m, 1H, CH-O), 7.19-7.25 (m, 3H, 

CH=), 7.38 (m, 1H, CH=), 7.36 (m , 1H, CH=).13C NMR (100.6 MHz, CDCl3): δ= 31.7 (CH3, 
tBu), 39.9 (CH2), 43.7 (C, tBu), 54.6 (CH-S), 80.8 (CH-O), 124.8 (CH=), 125.6 (CH=), 127.2 

(CH=), 127.7 (CH=), 139.7 (C), 142.0 (C).  

(1S,2S)-1-(Phenylthio)-2,3-dihydro-1H-inden-2-ol (6). Yield: 373 mg (77%), white 

solid. SiO2-chromatography (gradient from cyclohexane/EtOAc = 100:0 to 

cyclohexane/EtOAc = 80:20). 1H NMR (400 MHz, CDCl3): δ= 2.09 (bs, 1H, OH), 2.82 (dd, 

1H, CH2, 2JH-H =16.3, 3JH-H =3.5 Hz), 3.32 (dd, 1H, CH2, 2JH-H =16.3, 3JH-H =6.2 Hz), 4.50 (dt, 

1H, CH-O, 3JH-H =6.2 Hz, 3JH-H =3.4 Hz), 4.55 (d, 1H, CH-S, 3JH-H =3.3 Hz), 7.19-7.24 (m, 4H, 

CH=), 7.26-7.31 (m, 2H, CH=), 7.34-7.37 (m, 1H, CH=), 7.40-7.43 (m, 2H, CH=).13C NMR 

(100.6 MHz, CDCl3): δ= 39.9 (CH2), 59.1 (CH-S), 79.6 (CH-O), 125.2 (CH=), 125.7 (CH=), 

126.9 (CH=), 127.2 (CH=), 128.3 (CH=), 129.0 (CH=), 130.9 (CH=), 135.2 (CH=), 139.9 

(CH=), 135.2 (C), 139.9 (C), 140.6 (C). 

(1S,2S)-1-((2,6-Dimethylphenyl)thio)-2,3-dihydro-1H-inden-2-ol (7). Yield: 427 mg 

(79%), white solid. SiO2-chromatography (gradient from cyclohexane/EtOAc = 100:0 to 

cyclohexane/EtOAc = 80:20). 1H NMR (400 MHz, CDCl3): δ= 1.75 (bs, 1H, OH), 2.47 (s, 6H, 

CH3), 2.82 (dd, 1H, CH2, 2JH-H =16.6, 3JH-H =2.1 Hz), 3.52 (dd, 1H, CH2, 2JH-H =16.6, 3JH-H =5.5 

Hz), 4.32 (d, 1H, CH-S, 3JH-H =2.0 Hz), 4.36 (tt, 1H, CH-O, 3JH-H =5.5 Hz, 3JH-H =2.1 Hz), 6.94 

(d, 1H, CH=, 3JH-H =7.5 Hz), 7.06-7.16 (m, 4H, CH=), 7.18-7.26 (m, 2H, CH=). 13C NMR (100.6 

MHz, CDCl3): δ= 21.9 (CH3), 40.3 (CH2), 58.8 (CH-S), 78.5 (CH-O), 125.3 (CH=), 125.4 (CH=), 

126.7 (CH=), 128.1 (CH=), 128.2 (CH=), 128.7 (CH=), 132.0 (CH=), 140.4 (C), 140.7 (C), 

143.6 (C). 
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(1S,2S)-1-((4-(Trifluoromethyl)phenyl)thio)-2,3-dihydro-1H-inden-2-ol (8). Yield: 

478 mg (77%), yellow oil. SiO2-chromatography (gradient from cyclohexane/EtOAc = 

100:0 to cyclohexane/EtOAc = 80:20). 1H NMR (400 MHz, CDCl3): δ= 2.06 (d, 1H, OH, 3JH-

H =4.9 Hz), 2.91 (dd, 1H, CH2, 2JH-H =16.5, 3JH-H =3.5 Hz), 3.42 (dd, 1H, CH2, 2JH-H =16.5, 3JH-H 

=6.0 Hz), 4.55 (m, 1H, CH-O), 4.69 (d, 1H, CH-S, 3JH-H =3.2 Hz), 7.21-7.30 (m, 3H, CH=), 

7.36-7.41 (m, 1H, CH=), 7.46-7.57 (m, 4H, CH=). 13C NMR (100.6 MHz, CDCl3): δ= 40.2 

(CH2), 58.0 (CH-S), 78.6 (CH-O), 124.1 (CH=), 125.4 (CH=), 125.7 (CH=), 125.8 (q, CH=, 3JH-

F =3.8 Hz), 127.4 (CH=), 128.2 (q, C, 2JH-F =32.8 Hz), 128.7 (CH=), 128.8 (CH=), 139.0 (C), 

140.6 (C), 141.3 (C). 

(1S,2S)-1-((4-Methoxyphenyl)thio)-2,3-dihydro-1H-inden-2-ol (9). Yield: 541 mg 

(79%), yellow oil. SiO2-chromatography (gradient from cyclohexane/EtOAc = 100:0 to 

cyclohexane/EtOAc = 75:25). 1H NMR (400 MHz, CDCl3): δ= 1.97 (d, 1H, OH, 3JH-H =5.2 

Hz), 2.81 (dd, 1H, CH2, 2JH-H =16.3, 3JH-H =3.5 Hz), 3.25 (dd, 1H, CH2, 2JH-H =16.3, 3JH-H =6.1 

Hz), 3.79 (s, 3H, CH3O), 4.38 (d, 1H, CH-S, 3JH-H =3.3 Hz), 4.50 (tt, 1H, CH-O, 3JH-H =6.1 Hz, 

3JH-H =3.5 Hz), 6.82 (d, 2H, CH=, 3JH-H =8.7 Hz), 7.19-7.27 (m, 3H, CH=), 7.35-7.42 (m, 3H, 

CH=). 13C NMR (100.6 MHz, CDCl3): δ= 39.9 (CH2), 55.3 (CH-S), 60.6 (CH3O), 78.6 (CH-O), 

114.6 (CH=), 124.4 (CH=), 125.2 (CH=), 125.6 (CH=), 127.0 (CH=), 128.1 (CH=), 135.1 (C), 

140.2 (C), 140.6 (C), 159.6 (C). 

(1S,2S)-1-(Anthracen-9-ylthio)-2,3-dihydro-1H-inden-2-ol (10). Yield: 308 mg (45%), 

yellow solid. SiO2-chromatography (gradient from cyclohexane/EtOAc = 100:0 to 

cyclohexane/EtOAc = 80:20).. 1H NMR (400 MHz, CDCl3): δ= 1.33 (d, 1H, OH, 3JH-H =5.1 

Hz), 2.80 (dd, 1H, CH2, 2JH-H =16.4, 3JH-H =2.6 Hz), 3.58 (dd, 1H, CH2, 2JH-H =16.4, 3JH-H =5.6 

Hz), 4.40 (m, 1H, CH-O), 4.55 (d, 1H, CH-S, 3JH-H =2.2 Hz), 7.16 (t, 1H, CH=, 3JH-H =7.5 Hz), 

7.24 (t, 1H, CH=, 3JH-H =7.5 Hz), 7.25-7.30 (m , 2H, CH=), 7.52 (ddd, 2H, CH=, 3JH-H =8.0 Hz, 
3JH-H =6.5 Hz, 4JH-H =1.1 Hz), 7.61 (ddd, 2H, CH=, 3JH-H =8.9 Hz, 3JH-H =6.5 Hz, 4JH-H =1.0 Hz), 

8.05 (d, 2H, CH=, 3JH-H =8.4 Hz), 8.54 (s, 1H, CH=), 8.98 (dq, 2H, CH=, 3JH-H =8.9, 4JH-H =1.0 

Hz).13C NMR (100.6 MHz, CDCl3): δ= 40.1 (CH2), 61.2 (CH-S), 78.7 (CH-O), 125.3 (CH=), 

125.4 (CH=), 125.7 (CH=), 126.6 (CH=), 126.9 (CH=), 127.0 (CH=), 127.7 (CH=), 128.4 

(CH=), 129.1 (CH=), 129.6 (C), 131.8 (C), 134.9 (C), 140.2 (C), 140.8 (C). 

 

3.4.3. Preparation of phosphite-thioether ligands L1-L8a-c 

 

The corresponding phosphorochloridite (1.1 mmol) produced in situ was dissolved 

in toluene (5 ml), and pyridine (0.3 ml, 3.9 mmol) was added. The corresponding 

thioether-hydroxyl compound (1 mmol) was azeotropically dried with toluene (3 x 2 ml) 

and then dissolved in toluene (5 ml) to which pyridine (0.3 ml, 3.9 mmol) was added. 

The alcohol solution was transferred slowly to a solution of phosphorochloridite. The 

reaction mixture was stirred at 80ᵒC for 90 min, after which the pyridine salts were 

removed by filtration. Evaporation of the solvent gave a white foam, which was purified 

by flash chromatography in silica (Hexane/Toluene/NEt3 = 7/3/1) to produce the 

corresponding ligands as white solids.  
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3.4.4. Preparation of phosphinite−thioether ligands L1−L8g−i 

 

 The corresponding thioether−hydroxyl compound (0.5 mmol) and DMAP (6.7 mg, 

0.055 mmol) were dissolved in toluene (1 ml), and triethylamine was added (0.09 ml, 

0.65 mmol) at rt, followed by the addition of the corresponding chlorophosphine (0.55 

mmol) via syringe. The reaction was stirred for 20 min at room temperature. The solvent 

was removed in vacuo, and the product was purified by flash chromatography on 

alumina (toluene/NEt3 = 100/1) to produce the corresponding ligand as an oil. 

 

3.4.5. Characterization details for ligands L1-L8a-c,g-i 

 

L1a. Yield: 320.8 mg (50%). 31P NMR (161.9 MHz, C6D6): δ=141.5 (s). 1H NMR (400 MHz, 

C6D6): δ=1.09 (d, 3H, CH3, iPr, 3JH-H =6.4 Hz), 1.07 (d, 3H, CH3, iPr, 3JH-H =6.8 Hz), 1.26 (s, 9H, 

CH3, tBu), 1.28 (s, 9H, CH3, tBu), 1.54 (s, 9H, CH3, tBu), 1.56 (s, 9H, CH3, tBu), 2.90-2.96 (m, 

2H, CH2, CH iPr), 3.23 (dd, 1H, CH2, 2JH-H =16.4 Hz, 3JH-H =5.6 Hz), 4.57 (b, 1H, CH-S), 5.18 

(m, 1H, CH-OP), 6.94-7.12 (m, 3H, CH=), 7.31 (s, 1H, CH=), 7.33 (d, 1H, CH=, 4JH-H =2.8 Hz), 

7.34 (d, 1H, CH=, 4JH-H =2.4 Hz), 7.57 (d, 1H, CH=, 4JH-H =2.4 Hz), 7.59 (d, 1H, CH=, 4JH-H =2.4 

Hz), 13C NMR (100.6 MHz, C6D6): δ=23.4 (CH3, iPr), 23.8 (CH3, iPr), 31.0 (d, CH3, tBu, JC-P 

=7.6 Hz), 31.1 (CH3, tBu), 34.2 (C, tBu), 34.9 (C, tBu), 35.3 (CH, iPr), 39.1 (CH2), 54.7 (CH-

S), 82.8 (CH-OP), 124.1-146.6 (aromatic carbons). MS HR-ESI [found 

669.3498, C40H55O3PS (M-Na)+ requires 669.3502]. 

L1b. Yield: 220.8 mg (37%). 31P NMR (161.9 MHz, C6D6): δ=130.2 (s). 1H NMR (400 

MHz, C6D6): δ=1.03 (d, 3H, CH3, iPr, 3JH-H =6.8 Hz), 1.23 (d, 3H, CH3, iPr, 3JH-H =6.4 Hz), 1.49 

(s, 9H, CH3, tBu), 1.53 (s, 9H, CH3, tBu), 1.64 (s, 3H, CH3), 1.76 (s, 3H, CH3), 2.01 (s, 3H, 

CH3), 2.07 (s, 3H, CH3), 2.71-2.77 (m, 1H, CH, iPr), 2.88 (d, 1H, CH2, 2JH-H =16.4 Hz), 3.27 

(dd, 1H, CH2, 2JH-H =16.4 Hz, 3JH-H =4.8 Hz), 4.81 (b, 1H, CH-S), 4.92 (m, 1H, CH-OP), 6.89-

7.12 (m, 3H, CH=), 7.19 (m, 2H, CH=), 7.35 (d, 1H, CH=, 3JH-H =8.8 Hz). 13C NMR (100.6 

MHz, C6D6): δ=16.3 (CH3), 16.6 (CH3), 20.0 (CH3), 20.1 (CH3), 23.3 (CH3, iPr), 24.2 (CH3, iPr), 

31.3 (CH3, tBu),  31.4 (d, CH3, tBu, JC-P =5.3 Hz), 34.6 (C, tBu), 34.7 (C, tBu), 34.8 (CH, iPr), 

39.3 (CH2), 55.0 (CH-S), 82.9 (CH-OP), 124.9-146.4 (aromatic carbons). MS HR-ESI [found 

613.2903, C36H47O3PS (M-Na)+ requires 613.2876].    

L1c. Yield: 202.0 mg (34%). 31P NMR (161.9 MHz, C6D6): δ=139.4 (s). 1H NMR (400 

MHz, C6D6): δ=1.09 (d, 3H, CH3, iPr, 3JH-H =6.8 Hz), 1.12 (d, 3H, CH3, iPr, 3JH-H =6.8 Hz), 1.47 

(s, 9H, CH3, tBu), 1.61 (s, 9H, CH3, tBu), 1.69 (s, 3H, CH3), 1.75 (s, 3H, CH3), 2.05 (s, 6H, 

CH3), 2.85-2.91 (m, 1H, CH, iPr), 3.37 (d, 1H, CH2, 2JH-H =16.4 Hz), 3.38 (dd, 1H, CH2, 2JH-H 

=16.8 Hz, 3JH-H =6.0 Hz), 4.24 (d, 1H, CH-S, 3JH-H =4.8 Hz), 5.07-5.11 (m, 1H, CH-OP), 6.95-

7.03 (m, 3H, CH=), 7.18 (s, 1H, CH=), 7.23 (2H, CH=). 13C NMR (100.6 MHz, C6D6): δ=16.3 

(CH3, iPr), 16.5 (CH3, iPr), 20.1 (CH3), 23.5 (CH3), 23.9 (CH3), 31.3 (CH3, tBu), 31.4 (d, CH3, 
tBu, JC-P =5.3 Hz), 34.6 (C, tBu), 34.8 (CH, iPr), 39.7 (CH2), 54.7 (CH-S), 82.7 (d, CH-OP, 2JC-P 

=6.1 Hz), 124.9-145.5 (aromatic carbons). MS HR-ESI [found 613.2869, C36H47O3PS (M-

Na)+ requires 613.2876].      
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L1g. Yield: 257.8 mg (61%). 31P NMR (161.9 MHz, C6D6): δ=98.2 (s). 1H NMR (400 MHz, 

C6D6): δ=1.08 (d, 3H, CH3, iPr, 3JH-H =6.8 Hz), 1.21 (d, 3H, CH3, iPr, 3JH-H =6.4 Hz), 2.37 (s, 3H,  

CH3, o-Tol), 2.41 (s, 3H,  CH3, o-Tol), 2.91-3.01 (m, 2H, CH iPr, CH2), 3.30 (dd, 1H, CH2, 2JH-

H =16.4 Hz, 3JH-H =6.0 Hz), 4.49 (b, 1H, CH-S), 4.82 (m, 1H, CH-OP), 6.91-7.15 (m, 9H, CH=), 

7.36 (d, 1H, CH=, 3JH-H =6.8 Hz), 7.52 (m, 2H, CH=). 13C NMR (100.6 MHz, C6D6): δ=20.3 (d, 

CH3, o-Tol, 3JC-P =4.0 Hz), 20.5 (d,CH3, o-Tol, 3JC-P =4.4 Hz),  23.2 (CH3, iPr), 23.8 (CH3, iPr), 

35.3 (CH, iPr), 39.1 (d, CH2, 3JC-P =6.1 Hz), 54.7 (d, CH-S, 3JC-P =6.1 Hz), 87.7 (d, CH-OP, 2JC-

P =20,7 Hz), 124.8-141.4 (aromatic carbons).  

L1h. Yield: 128.9 mg (61%). 31P NMR (161.9 MHz, C6D6): δ=140.4 (s). 1H NMR (400 

MHz, C6D6): δ=1.08-1.20 (m, 6H, CH2, Cy), 1.22 (d, 3H, CH3, iPr, 3JH-H =6.4 Hz), 1.25-1.35 

(m, 5H, CH2, Cy), 1.38 (d, 3H, CH3, iPr, 3JH-H =6.4 Hz), 1.48-1.61 (m, 5H, CH2, Cy), 1.69 (b, 

5H, CH, CH2, Cy), 1.86 (m, 2H, CH2, Cy), 2.98 (d, 1H, CH2, 2JH-H =16.0 Hz), 3.10-3.17 (m, 1H, 

CH iPr), 3.41 (dd, 1H, CH2, 2JH-H =16.4 Hz, 3JH-H =5.6 Hz), 4.51-4.54 (m, 2H, CH-S, CH-OP), 

6.99-7.15 (m, 3H, CH=), 7.40 (d, 1H, CH=, 3JH-H =8.0 Hz), 7.52 (m, 2H, CH=). 13C NMR (100.6 

MHz, C6D6): δ=23.3 (CH3, iPr), 24.0 (CH3, iPr), 26.5-27.1 (CH2, Cy), 28.1 (CH2, Cy), 28.3 (CH2, 

Cy), 28.5 (CH2, Cy), 35.2 (CH, iPr), 37.6 (d, CH, 1JC-P =8.5 Hz), 37.8 (d, CH, 1JC-P =9.9 Hz), 39.3 

(d, CH2, 3JC-P =6.1 Hz), 54.8 (d, CH-S, 3JC-P =6.1 Hz), 87.7 (d, CH-OP, 2JC-P =18.4 Hz), 124.8-

141.5 (aromatic carbons).  

L1i. Yield: 129.9 mg (54%). 31P NMR (161.9 MHz, C6D6): δ=114.5 (s). 1H NMR (400 MHz, 

C6D6): δ=1.11 (d, 3H, CH3, iPr, 3JH-H =6.8 Hz), 1.22 (d, 3H, CH3, iPr, 3JH-H =6.4 Hz), 2.04 (s, 3H,  

p-CH3, Mes), 2.06 (s, 3H,  p-CH3, Mes), 2.39 (s, 12H, o-CH3, Mes), 2.85-2.99 (m, 2H, CH 
iPr, CH2), 3.33 (dd, 1H, CH2, 2JH-H =16.4 Hz, 3JH-H =5.6 Hz), 4.46 (b, 1H, CH-S), 4.66 (m, 1H, 

CH-OP), 6.63 (s, 1H, CH=), 6.64 (s, 1H, CH=), 6.65 (s, 1H, CH=), 6.66 (s, 1H, CH=), 6.94-

7.05 (m, 2H, CH=), 7.12 (m, 1H, CH=), 7.31 (m, 1H, CH=). 13C NMR (100.6 MHz, C6D6): 

δ=20.6 (p-CH3, Mes), 22.1 (d, o-CH3, Mes, 3JC-P =3.0 Hz), 22.2 (d, o-CH3, Mes, 3JC-P =3.1 Hz), 

23.2 (CH3, iPr), 23.9 (CH3, iPr), 35.2 (CH, iPr), 38.9 (d, CH2, 3JC-P =6.8 Hz), 54.6 (d, CH-S, 3JC-

P =7.6 Hz), 87.6 (d, CH-OP, 2JC-P =22,1 Hz), 124.7-141.6 (aromatic carbons).  

L2b. Yield: 352.2 mg (59%). 31P NMR (161.9 MHz, C6D6): δ=132.4 (s). 1H NMR (400 

MHz, C6D6): δ=0.82 (pt, 3H, CH3, Pr, 3JH-H =7.2 Hz), 1.41-1.53 (m, 2H, CH2, Pr), 1.53 (s, 9H, 

CH3, tBu), 1.58 (s, 9H, CH3, tBu), 1.69 (s, 3H, CH3), 1.80 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.09 

(s, 3H, CH3), 2.23-2.30 (m, 1H, CH2, Pr), 2.44-2.50 (m, 2H, CH2, Pr), 2.93 (d, 1H, CH2, 2JH-H 

=16.8 Hz), 3.25 (dd, 1H, CH2, 2JH-H =16.4 Hz, 3JH-H =5.2 Hz), 4.72 (b, 1H, CH-S), 4.90-4.94 

(m, 1H, CH-OP), 6.92 (d, 1H, CH=, 3JH-H =6.4 Hz), 7.00-7.03 (m, 2H, CH=), 7.22 (d, 2H, CH=, 
3JH-H =8.0 Hz), 7.37 (d, 2H, CH=, 3JH-H =6.8 Hz). 13C NMR (100.6 MHz, C6D6): δ=13.2 (CH3, 

Pr), 16.2 (CH3), 16.5 (CH3), 20.0 (CH3), 20.1 (CH3), 23.0 (CH2, Pr), 31.3 (CH3, tBu, JC-P =5.3 

Hz), 31.4 (CH3, tBu), 33.1 (CH2, Pr), 34.6 (C, tBu), 34.7 (C, tBu), 39.2 (d, CH2, 3JC-P =3.8 Hz), 

56.1 (d, CH-S, 3JC-P =3.0 Hz), 82.4 (CH-OP), 124.8-146.1 (aromatic carbons). MS HR-ESI 

[found 613.2903, C36H47O3PS (M-Na)+ requires 613.2876].                

L3b. Yield: 283.6 mg (47%). 31P NMR (161.9 MHz, C6D6): δ=134.2 (s). 1H NMR (400 

MHz, C6D6): δ=1.34 (s, 9H, CH3, tBu), 1.48 (s, 9H, CH3, tBu), 1.58 (s, 9H, CH3, tBu), 1.69 (s, 

3H, CH3), 1.74 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.71 (d, 1H, CH2, 2JH-H =16.0 

Hz), 3.12 (dd, 1H, CH2, 2JH-H =16.4 Hz, 3JH-H =5.2 Hz), 4.56 (b, 1H, CH-S), 5.22-5.25 (m, 1H, 

CH-OP), 6.83 (d, 1H, CH=, 3JH-H =7.2 Hz), 6.96-7.21 (m, 1H, CH=), 7.41 (d, 1H, CH=, 3JH-H 
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=7.6 Hz). 13C NMR (100.6 MHz, C6D6): δ=16.3 (CH3), 16.5 (CH3), 20.0 (CH3), 20.1 (CH3), 

31.4 (CH3, tBu), 34.6 (C, tBu), 34.7 (C, tBu), 38.8 (CH2), 43.5 (C, tBu), 54.0 (d, CH-S, 3JC-P =3.8 

Hz), 83.7 (CH-OP), 124.7-145.7 (aromatic carbons). MS HR-ESI [found 

627.3026, C37H49O3PS (M-Na)+ requires 627.3032].     

L3g. Yield: 147,6 mg (31%). 31P NMR (161.9 MHz, C6D6): δ=97.7 (s). 1H NMR (400 MHz, 

C6D6): δ=1.24 (s, 9H, CH3, tBu), 2.32 (s, 3H, CH3, o-Tol), 2.41 (s, 3H, CH3, o-Tol), 2.92 (dd, 

1H, CH2, 2JH-H =16.4 Hz, 3JH-H =2.8 Hz), 3.22 (dd, 1H, CH2, 2JH-H =16.0 Hz, 3JH-H =5.2 Hz), 4.40 

(b, 1H, CH-S), 4.82-4.85 (m, 1H, CH-OP),  6.89-7.12 (m, 9H, CH=), 7.39 (d, 1H, CH=, 3JH-H 

=7.2 Hz), 7.50-7.54 (m, 2H, CH=). 13C NMR (100.6 MHz, C6D6): δ=20.2 (d, CH3, 3JC-P =15.3 

Hz), 20.4 (d, CH3, 3JC-P =16.0 Hz), 31.3 (CH3, tBu), 39.0 (d, CH2, 3JC-P =6.0 Hz), 43.4 (C, tBu), 

53.6 (d, CH-S, 3JC-P =6.8 Hz), 88.5 (d, CH-OP, 3JC-P =20.6 Hz), 124.6-142.3 (aromatic 

carbons). MS HR-ESI [found 457.1731, C27H31OPS (M-Na)+ requires 457.1725].            

L4b. Yield: 284.8 mg (41%). 31P NMR (161.9 MHz, C6D6): δ=135.3 (s). 1H NMR (400 

MHz, C6D6): δ=1.44 (s, 9H, CH3, tBu), 1.51 (s, 9H, CH3, tBu), 1.69 (s, 3H, CH3), 1.77 (s, 3H, 

CH3), 2.06 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.73 (d, 1H, CH2, 2JH-H =16.8 Hz), 2.93 (dd, 1H, 

CH2, 2JH-H =17.2 Hz, 3JH-H =5.6 Hz), 4.95 (b, 1H, CH-S), 5.03-5.06 (m, 1H, CH-OP), 6.80-6.82 

(m, 1H, CH=), 6.90-7.01 (m, 5H, CH=), 7.21 (d, 2H, CH=, 3JH-H =3.6 Hz), 7.27-7,29 (m, 3H, 

CH=). 13C NMR (100.6 MHz, C6D6): δ=16.2 (CH3), 16.5 (CH3), 20.0 (CH3), 20.1 (CH3), 31.3 

(CH3, tBu), 31.4 (CH3, tBu), 34.5 (C, tBu), 34.6 (C, tBu), 39.2 (d, CH2, 3JC-P =3.0 Hz), 58.8 (d, 

CH-S, 3JC-P =3.8 Hz), 81.6 (d, CH-OP, 2JC-P =4.6 Hz), 124.8-145.7 (aromatic carbons). MS HR-

ESI [found 647.2737, C39H45O3PS (M-Na)+ requires 647.2719].       

L5b. Yield: 324.6 mg (42%). 31P NMR (161.9 MHz, C6D6): δ=135.7 (s). 1H NMR (400 

MHz, C6D6): δ=1.42 (s, 9H, CH3, tBu), 1.52 (s, 9H, CH3, tBu), 1.68 (s, 3H, CH3), 1.79 (s, 3H, 

CH3), 2.04 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.31 (s, 6H, CH3), 2.90 (d, 1H, CH2, 2JH-H =16.8 Hz), 

3.38 (dd, 1H, CH2, 2JH-H =16.8 Hz, 3JH-H =4.8 Hz), 4.80-4.83 (m, 1H, CH-OP), 4.91 (s, 1H, CH-

S), 6.67 (d, 1H, CH=, 3JH-H =7.2 Hz), 6.83 (pt, 1H, CH=, 3JH-H =7.2 Hz), 6.88-7.03 (m, 5H, CH=), 

719 (d, 1H, CH=, 4JH-H =2.4 Hz). 13C NMR (100.6 MHz, C6D6): δ=16.2 (CH3), 16.5 (CH3), 20.0 

(CH3), 20.1 (CH3), 21.7 (CH3), 31.2 (CH3, tBu), 31.3 (d, CH3, tBu, JC-P =5.4 Hz), 34.5 (C, tBu), 

34.6 (C, tBu), 39.3 (d, CH2, 3JC-P =3.8 Hz), 58.0 (d, CH-S, 3JC-P =3.8 Hz), 81.3 (d, CH-OP, 2JC-P 

=4.6 Hz), 124.8-145.6 (aromatic carbons). MS HR-ESI [found 675.3026, C41H49O3PS (M-

Na)+ requires 675.3032].              

L5c. Yield: 276.4 mg (36%). 31P NMR (161.9 MHz, C6D6): δ=137.5 (s). 1H NMR (400 MHz, 

C6D6): δ=1.44 (s, 9H, CH3, tBu), 1.56 (s, 9H, CH3, tBu), 1.69 (s, 3H, CH3), 1.74 (s, 3H, CH3), 

2.05 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.25 (s, 6H, CH3), 3.19 (d, 1H, CH2, 2JH-H =16.8 Hz), 3.50 

(dd, 1H, CH2, 2JH-H =17.2 Hz, 3JH-H =4.8 Hz), 4.60 (b, 1H, CH-S), 4.93 (m, 1H, CH-OP), 6.46 

(d, 1H, CH=, 3JH-H =7.2 Hz), 6.79 (m, 1H, CH=), 6.86-7.22 (m, 6H, CH=), 7.22 (s, 1H, CH=). 
13C NMR (100.6 MHz, C6D6): δ=16.2 (CH3), 16.4 (CH3), 20.0 (CH3), 20.7 (CH3), 31.3 (CH3, 
tBu), 34.5 (C, tBu), 34.6 (C, tBu), 40.2 (d, CH2, 3JC-P =3.0 Hz), 57.5 (d, CH-S, 3JC-P =3.8 Hz), 

81.0 (d, CH-OP, 3JC-P =7.6 Hz), 124.8-145.5 (aromatic carbons). MS HR-ESI [found 

675.3041, C41H49O3PS (M-Na)+ requires 675.3032].      

L5g. Yield: 260.6 mg (54%). 31P NMR (161.9 MHz, C6D6): δ=98.5 (s). 1H NMR (400 MHz, 

C6D6): δ=2.30 (s, 3H, CH3, o-Tol), 2.35 (s, 3H, CH3, o-Tol), 2.44 (s, 6H, CH3), 3.14 (d, 1H, 

CH2, 2JH-H =16.8 Hz), 3.54 (dd, 1H, CH2, 2JH-H =16.8 Hz, 3JH-H =5.2 Hz), 4.78-4.82 (m, 1H, CH-
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OP),  4.83 (b, 1H, CH-S), 6.91-7.14 (m, 12H, CH=), 7.23 (s, 1H, CH=), 7.32-7.35 (m, 1H, 

CH=), 7.40-7.44 (m, 1H, CH=). 13C NMR (100.6 MHz, C6D6): δ=20.1 (d, CH3, 3JC-P =6.1 Hz), 

20.3 (d, CH3, 3JC-P =6.8 Hz), 21.7 (CH3), 39.4 (d, CH2, 3JC-P =6.9 Hz), 58.0 (d, CH-S, 3JC-P =6.9 

Hz), 85.7 (d, CH-OP, 3JC-P =5.4 Hz), 124.9-143.5 (aromatic carbons). 

L6b. Yield: 336.1 mg (52%). 31P NMR (161.9 MHz, C6D6): δ=135.6 (s). 1H NMR (400 

MHz, C6D6): δ=1.41 (s, 9H, CH3, tBu), 1.47 (s, 9H, CH3, tBu), 1.69 (s, 3H, CH3), 1.74 (s, 3H, 

CH3), 2.05 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.67 (d, 1H, CH2, 2JH-H =16.8 Hz), 2.99 (dd, 1H, 

CH2, 2JH-H =16.8 Hz, 3JH-H =6.0 Hz), 4.92 (b, 1H, CH-S), 4.96-5.01 (m, 1H, CH-OP), 6.82-6.84 

(m, 1H, CH=), 6.99-7.19 (m, 8H, CH=), 7.24-7.26 (m, 1H, CH=). 13C NMR (100.6 MHz, C6D6): 

δ=16.9 (CH3), 17.1 (CH3), 20.6 (CH3), 20.7 (CH3), 31.9 (d, CH3, tBu, 3JC-P =5.3 Hz), 32.0 (CH3, 
tBu), 35.2 (C, tBu), 35.3 (C, tBu), 39.6 (CH2), 58.3 (d, CH-S, 3JC-P =3.8 Hz), 81.7 (d, CH-OP, 
3JC-P =4.6 Hz), 125.7-146.2 (aromatic carbons). MS HR-ESI [found 715.2610, C40H44F3O3PS 

(M-Na)+ requires 715.2593].          

L7b. Yield: 321 mg (49%). 31P NMR (161.9 MHz, C6D6): δ=135.4 (s). 1H NMR (400 MHz, 

C6D6): δ=1.47 (s, 9H, CH3, tBu), 1.55 (s, 9H, CH3, tBu), 1.71 (s, 3H, CH3), 1.82 (s, 3H, CH3), 

2.07 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.78 (d, 1H, CH2, 2JH-H =16.8 Hz), 2.87 (dd, 1H, CH2, 2JH-

H =16.8 Hz, 3JH-H =5.6 Hz), 3.16 (s, CH3, p-OMe) 4.88 (b, 1H, CH-S), 5.04-5.07 (m, 1H, CH-

OP), 6.54 (d, 2H, CH=, 3JH-H =8.8 Hz), 6.82 (d, 1H, CH=, 3JH-H =6.8 Hz), 6.96-7.23 (m, 6H, 

CH=), 7.31 (d, 1H, CH=, 3JH-H =7.2 Hz). 13C NMR (100.6 MHz, C6D6): δ=16.7 (CH3), 16.9 

(CH3), 20.4 (CH3), 20.5 (CH3), 31.7 (CH3, tBu), 31.8 (CH3, tBu), 35.0 (C, tBu), 35.1 (C,tBu), 

39.9 (CH2), 54.8 (CH3, p-MeO), 60.5 (d, CH-S, 3JC-P =3.8 Hz), 82.4 (d, CH-OP, 3JC-P =4.6 Hz), 

114.7-160.4 (aromatic carbons). MS HR-ESI [found 677.2851, C40H47O4PS (M-

Na)+ requires 677.2825].     

L8b. Yield: 94.3 mg (27%). 31P NMR (161.9 MHz, C6D6): δ=136.1 (s). 1H NMR (400 MHz, 

C6D6): δ=1.28 (s, 9H, CH3, tBu), 1.39 (s, 9H, CH3, tBu), 1.65 (s, 3H, CH3), 1.79 (s, 3H, CH3), 

2.02 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.91 (d, 1H, CH2, 2JH-H =16.8 Hz), 3.45 (dd, 1H, CH2, 2JH-

H =16.8 Hz, 3JH-H =5.2 Hz), 4.92-4.95 (m, 1H, CH-OP), 5.22 (b, 1H, CH-S), 6.55-6.63 (m, 2H, 

CH=), 6.90 (s, 2H, CH=), 7.11-7.28 (m, 6H, CH=), 7.73 (d, 2 H, CH=, 3JH-H =8,0 Hz), 8.16 (s, 

1, CH=), 8.96 (d, 2 H, CH=, 3JH-H =8,4 Hz). 13C NMR (100.6 MHz, C6D6): δ=16.2 (CH3), 16.6 

(CH3), 20.0 (CH3), 20.1 (CH3), 31.1 (CH3, tBu), 31.3 (d, CH3, tBu, JC-P =5.4 Hz), 34.4 (C, tBu), 

39.7 (CH2), 60.1 (CH-S), 81.4 (CH-OP), 124.8-145.7 (aromatic carbons). MS HR-ESI [found 

747.3048, C47H49O3PS (M-Na)+ requires 747.3028].     

L8c. Yield: 102 mg (29%). 31P NMR (161.9 MHz, C6D6): δ=134.7 (s). 1H NMR (400 MHz, 

C6D6): δ=1.33 (s, 9H, CH3, tBu), 1.45 (s, 9H, CH3, tBu), 1.66 (s, 3H, CH3), 1.84 (s, 3H, CH3), 

2.01 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.94 (d, 1H, CH2, 2JH-H =16.2 Hz), 3.54 (dd, 1H, CH2, 2JH-

H =16.2 Hz, 3JH-H =6.2 Hz), 5.02 (m, 1H, CH-OP), 5.27 (b, 1H, CH-S), 6.64 (m, 2H, CH=), 6.95 

(s, 2H, CH=), 7.11-7.27 (m, 6H, CH=), 7.72 (d, 2 H, CH=, 3JH-H =7.6 Hz), 8.04 (s, 1, CH=), 8.92 

(d, 2 H, CH=, 3JH-H =8.0 Hz). 13C NMR (100.6 MHz, C6D6): δ=16.4 (CH3), 16.5 (CH3), 20.2 

(CH3), 20.7 (CH3), 31.4 (CH3, tBu), 31.7 (CH3, tBu), 34.6 (C, tBu), 34.8 (C, tBu), 40.1 (CH2), 

58.4 (CH-S), 81.4 (CH-OP), 125.2-146.9 (aromatic carbons). MS HR-ESI [found 

747.3032, C47H49O3PS (M-Na)+ requires 747.3028]. 
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3.4.6. Typical procedure for the allylic alkylation of disubstituted linear (S1, S3-

S7) and cyclic (S2, S8-S9) substrates 

 

A degassed solution of [PdCl(ƞ3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 

phosphite/phosphinite-thioether ligand (0.0055 mmol) in dichloromethane (0.5 ml) was 

stirred for 30 min. Subsequently, a solution of the corresponding substrate (0.5 mmol) 

in dichloromethane (1.5 ml), nucleophile (1.5 mmol), N,O-bis(trimethylsilyl)-acetamide 

(370 ml, 1.5 mmol) and KOAc (3mg, 003 mmol) was added. The reaction mixture was 

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

diluted with Et2O (5 ml) and saturated NH4Cl (aq) (25 ml) was added. The mixture was 

extracted with Et2O (3 x 10 ml) and the extract dried over MgSO4.  

 

3.4.7. Typical procedure for the allylic alkylation of disubstituted linear 

substrate S1 using pyrroles 

 

A degassed solution of [PdCl(η3-C3H5)]2 (1.8 mg, 0.005 mmol) and the corresponding 

phosphite/phosphinite–thioether (0.011 mmol) in dichloromethane (0.5 ml) was stirred 

for 30 min. Subsequently, a solution of the corresponding substrate (0.5 mmol) in 

dichloromethane (1.5 ml), the corresponding pyrrole (0.4 mmol), and K2CO3 (110 mg, 0.8 

mmol) were added. The reaction mixture was stirred at room temperature. After 18 h, 

the reaction mixture was diluted with Et2O (5 ml), and saturated NH4Cl (aq) (25 ml) was 

added. The mixture was extracted with Et2O (3 × 10 ml) and the extract dried over 

MgSO4. 

 

3.4.8. Typical procedure for the allylic etherification and silylation of 

disubstituted linear substrate S1 

 

A degassed solution of [PdCl(η3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the 

corresponding ligand (0.0055 mmol) in dichloromethane (0.5 ml) was stirred for 30 min. 

Subsequently, a solution of rac-1,3-diphenyl-3-acetoxyprop-1-ene (S1) (31.5 mg, 0.125 

mmol) in dichloromethane (1.5 ml) was added. After 10 min, Cs2CO3 (122 mg, 0.375 

mmol) and the corresponding alcohol or silanol (0.375 mmol) were added. The reaction 

mixture was stirred at room temperature. After 18 h, the reaction mixture was diluted 

with Et2O (5 ml), and saturated NH4Cl (aq) (25 ml) was added. The mixture was extracted 

with Et2O (3 × 10 ml) and the extract dried over MgSO4. 

 

3.4.9. Characterization details and methods for ee determination of the 

substitution products 11-52  
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Dimethyl 2-(1,3-diphenylallyl)malonate (11).24 Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 ml/min, λ= 254 nm). 

tR 32.8 min (R); tR 38.6 min (S). 1H NMR (400 MHz, CDCl3), δ: 3.52 (s, 3H, CH3), 3.70 (s, 3H, 

CH3), 3.95 (d, 1H, CH, J=10.9 Hz), 4.26 (m, 1H, CH), 6.34 (dd, 1H, CH=, J=16.0 Hz, J=8.4 

Hz), 6.48 (d, 1H, CH=, J=16.0 Hz), 7.1-7.4 (m, 10H, CH=).  

Dimethyl 2-(1,3-cyclohexanylallyl)malonate (12).25 Enantiomeric excess 

determined by GC using Chiralsil-Dex CB column (77 kPa H2, Isotherm at 110 ºC). tR 20.1 

min (S); tR 20.5 min (R). 1H NMR (400 MHz, CDCl3), δ: 1.36 (m, 1H, CH2), 1.56 (m, 1H, CH2), 

1.70 (m, 1H, CH2), 1.76 (m, 1H, CH2), 1.99 (m, 2H, CH2), 3.29 (d, 1H, CH, J=9.6 Hz), 3.73 

(s, 3H, CH3), 3.74 (s, 3H, CH3), 5.22 (m, 1H, CH=), 5.79 (m, 1H, CH=). 

Diethyl 2-(1,3-diphenylallyl)malonate (13).26 Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 ml/min, λ= 254 nm). 

tR 17.6 min (S); tR 20.1 min (R). 1H NMR (400 MHz, CDCl3), δ: 1.01 (t, 6H, CH3, J=6.8 Hz), 

3.92 (d, 1H, CH, J=11.2 Hz), 4.19 (q, 4H, CH2, J=7.2 Hz), 4.23 (m, 1H, CH), 6.34 (dd, 1H, 

CH=, J=20 Hz, J=10 Hz), 6.41 (d, 1H, CH=, J=18 Hz), 7.1-7.4 (m, 10H, CH=). 

Dibenzyl 2-(1,3-diphenylallyl)malonate (14).26 Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (95% hexane/2-propanol, flow 1 ml/min, λ= 254 nm). 

tR 94.0 min (R); tR 107.4 min (S). 1H NMR (400 MHz, CDCl3), δ: 4.03 (d, 1H, CH, J=9.6 Hz), 

4.29 (t, 1H, CH, J=10 Hz), 4.92 (s, 2H, CH2), 5.09 (s, 2H, CH2), 6.28 (dd, 1H, CH=, J=15.6 Hz, 

J=8.4 Hz), 6.40 (d, 1H, CH=, J=17 Hz), 7.0-7.4 (m, 20H, CH=). 

Dimethyl 2-(1,3-diphenylallyl)-2-methylmalonate (15).25 Enantiomeric excess 

determined by HPLC using Chiralcel OD-H column (90% hexane/2-propanol, flow 1 

ml/min, λ= 254 nm). tR 9.9 min (S); tR 12.5 min (R). 1H NMR (400 MHz, CDCl3), δ: 1.48 (s, 

3H, CH3), 3.62 (s, 3H, CH3), 3.71 (s, 3H, CH3), 4.29 (d, 1H, CH, J=8.8 Hz), 6.46 (d, 1H, CH=, 

J=16.0 Hz), 6.68 (dd, 1H, CH=, J=16.0 Hz, J=8.8 Hz), 7.1-7.4 (m, 10H, CH=). 

Dimethyl 2-allyl-2-(1,3-diphenylallyl)malonate (16).27 Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 

ml/min, λ= 254 nm). tR 19.4 min (R); tR 26.1 min (S). 1H NMR (400 MHz, CDCl3), δ: 2.48 

(dd, 1H, CH2, J=14Hz, J=8.8 Hz), 2.67 (dd, 1H, CH2, J=14 Hz, J=8.0 Hz), 3.66 (s, 3H, CH3), 

3.75 (s, 3H, CH3), 4.20 (d, 1H, CH, J=8.8 Hz), 5.06 (m, 2H, CH2=), 5.77 (m, 1H, CH=), 6.40 

(d, 1H, CH=, J=15.6 Hz), 6.77 (dd, 1H, CH=, J=16.4 Hz, J=8.4 Hz), 7.2-7.4 (m, 10H, CH=). 

Diethyl 2-(but-3-en-1-yl)-2-(1,3-diphenylallyl)malonate (17).4e Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.15 

ml/min, = 254 nm). tR 29.9 min (S); tR 34.2 min (R). 1H NMR (400 MHz, CDCl3), δ: 1.22 

(m, 6H, CH3), 1.97 (m, 2H, CH2), 2.08 (m, 2H, CH2), 3.98 (m, 2H, CH2), 4.17 (m, 3H, CH2), 

4.89 (m, 2H, CH2=), 5.68 (m, 1H, CH=), 6.32 (d, 1H, CH=, J=16.0 Hz), 6.76 (dd, 1H, CH=, 

J=16.0 Hz, J=9.2 Hz), 7.1- 7.4 (m, 10H, CH=). 

Diethyl 2-(1,3-diphenylallyl)-2-(pent-4-en-1-yl)malonate (18).4e Enantiomeric 

excess determined by HPLC using Chiralcel IA column (99% hexane/2-propanol, flow 0.5 

ml/min, = 254 nm). tR 12.3 min (S); tR 14.4 min (R). 1H NMR (400 MHz, CDCl3), δ: 1.20 

(t, 3H, CH3, J=6.4 Hz), 1.26 (t, 3H, CH3, J=6.4 Hz), 1.31 (m, 1H, CH2), 1.45 (m, 1H, CH2), 

1.74 (m, 1H, CH2), 1.86 (m, 1H, CH2), 1.96 (m, 2H, CH2), 4.18 (m, 5H, CH2-O, CH), 4.94 (m, 
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2H, CH2=), 5.72 (m, 1H, CH=), 6.36 (d, 1H, CH=, J=15.6 Hz), 6.78 (dd, 1H, CH=, J=15.6 Hz, 

J=8.8 Hz), 7.1-7.4 (m, 10H, CH=).  

Dimethyl 2-(1,3-diphenylallyl)-2-(prop-2-yn-1-yl)malonate (19).4e Enantiomeric 

excess determined by HPLC using Chiralcel OJ-H column (90% hexane/2-propanol, flow 

0.5 ml/min, = 254 nm). tR 19.5 min (S); tR 41.7 min (R). 1H NMR (400 MHz, CDCl3), δ: 

2.13 (m, 1H, CH), 2.64 (dd, 1H, CH2, J=17.2 Hz, J=2.4 Hz), 2.82 (dd, 1H, CH2, J=14.2 Hz, 

J=2.8 Hz), 3.71 (s, 3H, CH3), 3.78 (s, 3H, CH3), 4.45 (d, 1H, CH, J=8.4 Hz), 6.46 (d, 1H, d, 

CH=, J=15.6 Hz,), 6.79 (t, 1H, CH=, J=8.4 Hz), 7.31 (m, 10H, CH=).  

(1,3-Diphenylallyl)pentane-2,4-dienone (20).27 Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (98% hexane/2-propanol, flow 1 ml/min, λ= 254 nm). 

tR 53.1 min (S); tR 56.9 min (R). 1H NMR (400 MHz, CDCl3), δ: 1.93 (s, 3H, CH3), 2.25 (s, 3H, 

CH3), 4.34 (m, 2H, CH), 6.20 (dm, 1H, CH=, J=15.6 Hz), 6.44 (d, 1H, CH=, J=15.6 Hz), 7.1-

7.4 (m, 10H, CH=). 

2-(1,3-Diphenylallyl)malononitrile (21).18b Enantiomeric excess determined by HPLC 

using Chiralcel OJ-H column (70% hexane/2-propanol, flow 1 ml/min). tR 18.2 min (R); tR 

19.4 min (S). 1H NMR (400 MHz, CDCl3), δ: 4.07 (m, 2H, CH), 6.47 (dd, 1H, CH=, J=15.6 Hz, 

J=8.0 Hz), 6.70 (d, 1H, CH=, J=15.6 Hz), 7.2-7.5 (m, 10H, CH=) 

Isopropyl 2-cyano-3,5-diphenylpent-4-enoate (22).28 Enantiomeric excess 

determined by HPLC using Chiralcel IC column (99% hexane/2-propanol, flow 0.5 

ml/min). Major diastereoisomer, tR 51.0 (major) and tR 53.1 min (minor). Minor 

diastereoisomer, tR 58.2 (minor) and tR 79.7 min (major). 1H NMR (400 MHz, CDCl3), δ: 

1.14 (m, 6H, CH3), 3.86 (dd, 1H, CH, J=13.6 Hz, J=8.0 Hz), 4.20 (m, 1H, CH), 4.98 (m, 1H, 

CH), 6.46 (m, 1H, CH=), 6.58 (dd, 1H, CH=, J=11.6 Hz, J=16.0 Hz), 7.25 (m, 1H, CH=), 7.32 

(m, 3H, CH=), 7.53 (m, 6H, CH=). 

2-(1,3-Diphenyl-2-propenyl)-5-ethylpyrrole (23).20 Enantiometic excess determined 

by HPLC using Chiralpak AD-H column (99% hexane/2-propanol, flow 0.7 ml/min, λ= 254 

nm) tR 12.1 min; tR 12.9 min. 1H NMR (400 MHz, CDCl3), δ: 1.19 (t, 3H, CH3, J=7.6 Hz), 

2.55 (q, 2H, CH2, J=7.6 Hz), 4.81 (d, 1H, CH=, J=7.6 Hz), 5.84 (m, 2H, CH=), 6.42 (d, 1H, 

CH=, J=15.6 Hz), 6.58 (dd, 1H, CH=, J=15.6 Hz, J=7.6 Hz), 7.37−7.18 (m, 10H, CH=), 7.53 

(brs, 1H, NH).  

3,5-Dimethyl-2-(1,3-diphenyl-2-propenyl)pyrrole (24).27 Enantiometic excess 

determined by HPLC using Chiralpak AD-H column (99,5% hexane/2-propanol, flow 0.7 

ml/min, λ= 254 nm) tR 17.8 min; tR 19.7 min. 1H NMR (400 MHz, CDCl3) δ: 1.96 (s, 3H, 

CH3), 2.16 (s, 3H, CH3),  4.94 (d, 1H, CH=, J=6.8 Hz), 5.73 (m, 1H, CH=), 6.31 (d, 1H, CH=, 

J=15.6 Hz), 6.56 (dd, 1H, CH=, J=15.6 Hz, J= 6.8 Hz),  7.37−7.18 (m, 11H, CH=). 

N-Benzyl-1,3-diphenylprop-2-en-1-amine (25).29 Enantiomeric excess determined 

by HPLC using Chiralcel OD-H column (99% hexane/2-propanol, flow 0.5 ml/min, λ= 254 

nm). tR 22.4 min (R); tR 26.2 min (S). 1H NMR (400 MHz, CDCl3), δ: 3.77 (d, 1H, NH, J=13.2 

Hz), 3.80 (d, 1H, CH, J=13.2 Hz), 4.41 (m, 2H, CH2), 6.34 (dd, 1H, CH=, J=16.0 Hz, J=7.2 

Hz), 6.57 (d, 1H, CH=, J= 16.0 Hz), 7.1-7.4 (m, 15H, CH=).  

N-(4-Methoxybenzyl)-1,3-diphenylprop-2-en-1-amine (26).30 Enantiomeric excess 

determined by HPLC using Chiralcel OD-H column (95% hexane/2-propanol, flow 0.5 

ml/min, λ= 254 nm). tR 19.5 min (R); tR 28.3 min (S). 1H-NMR (400 MHz, CDCl3) : 3.73 
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(dd, 2H, J=16.9 Hz, J=13.2 Hz), 3.81 (s, 3H), 4.39 (d, 1H, J=7.2 Hz), 6.36 (dd, 1H, J = 15.8, 

J=7.2 Hz), 6.58 (d, 1H, J=15.8 Hz), 6.88 (m, 2H), 7.18-7.32 (m, 6H), 7.35 (m, 4H), 7.44 (m, 

2H). 

1,3-Diphenyl-N-(4-(trifluoromethyl)benzyl)prop-2-en-1-amine (27).30 Enantiomeric 

excess determined by HPLC using Chiralcel OD-H column (95% hexane/2-propanol, flow 

0.5 ml/min, λ= 254 nm). tR 15.9 min (R); tR 18.0 min (S). 1H-NMR (400 MHz, CDCl3) : 3.86 

(dd, 2H, J=17.6 Hz, J=14.2 Hz), 4.39 (d, 1H, J=7.6 Hz), 6.33 (dd, 1H, J=15.9 Hz, J=7.6 Hz), 

6.59 (d, 1H,  J=15.9 Hz), 7.23 (m, 1H), 7.27-7.34 (m, 3H), 7.35-7.41 (m, 4H), 7.41-7.51 (m, 

4H), 7.57-7-63 (m, 2H). 19F-NMR (375 MHz, CDCl3)  -62.3 (s, 3F, CF3).  

N-(Furan-2-ylmethyl)-1,3-diphenylprop-2-en-1-amine (28).30 Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (95% hexane/2-propanol, flow 0.5 

ml/min, λ= 254 nm). tR 24.9 min (S); tR 39.8 min (R). 1H-NMR (400 MHz, CDCl3) : 3.79 (s, 

2H), 4.39 (d, 1H, J=7.6 Hz), 6.17 (dd, 1H, J=3.1 Hz, J=0.8 Hz), 6.30 (d, 1H, J=7.6 Hz), 6.34 

(m, 1H), 6.59 (d, 1H, J=15.6 Hz), 7.19-7.45 (m, 11H). 

4-(1,3-Diphenylallyl)morpholine (29).30 Enantiomeric excess determined by HPLC 

using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.7 ml/min, λ= 254 nm). tR 

10.2 min (R); tR 12.9 min (S). 1H-NMR (400 MHz, CDCl3) : 2.35-2.46 (m, 2H), 2.49-2.63 

(m, 2H), 3.72 (t, 4H, J=5.2 Hz), 3.80 (d, 1H, J=9.1 Hz), 6.29 (dd, 1H, J=15.8 Hz, J=9.1 Hz), 

6.58 (d, 1H, J=15.8 Hz), 7.19-7.38 (m, 8H), 7.43 (m, 2H). 

N-Allyl-1,3-diphenylprop-2-en-1-amine (30).30 Enantiomeric excess determined by 

HPLC using Chiralcel OD-H column (99% hexane/2-propanol, flow 1 ml/min, λ= 254 nm). 

tR 6.5 min (S); tR 7.1 min (R). 1H-NMR (400 MHz, CDCl3) : 3.19-3.36 (m, 2H), 4.43 (d, 1H,  

J=7.5 Hz), 5.12-5.17 (m, 1H), 5.18-5.25 (m, 1H), 5.96 (ddt, 1H,  J=17.1 Hz, J=10.2 Hz, J=6.0 

Hz, 1H), 6.32 (dd, 1H, J=15.8 Hz, J=7.5 Hz), 6.60 (d, 1H, J=15.8 Hz), 7.16-7.50 (m, 10H). 

3-Diphenyl-3-(benzyloxy)-1-propene (31).31 Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (98% hexane/2-propanol, flow 0.75 ml/min, λ= 254 

nm). tR 18.2 min (S); tR 21.5 min (R). 1H NMR (400 MHz, CDCl3), δ: 4.64 (m, 2H, CH2), 5.08 

(d, 1H, CH, J=6.8 Hz), 6.41 (dd, 1H, CH=, J=16.0 Hz, J=7.2 Hz), 6.68 (d, 1H, CH=, J=16.0 Hz), 

7.1-7.5 (m, 15H, CH=).  

1,3-Diphenyl-3-(4-methylbenzyloxy)-1-propene (32).18a Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (98% hexane/2-propan.ol, flow 0.75 

ml/min, λ= 254 nm). tR 16.8 min (+); tR 24.1 min (-). 1H NMR (400 MHz, CDCl3), δ: 2.44 (s, 

3H, CH3), 4.63 (m, 2H, CH2), 5.08 (d, 1H, CH, J=7.2 Hz), 6.43 (dd, 1H, CH=, J=16.4 Hz, J=7.6 

Hz), 6.70 (d, 1H, CH=, J=16.0 Hz), 7.1-7.5 (m, 14H, CH=).  

1,3-Diphenyl-3-(4-trifluoromethylbenzyloxy)-1-propene (33).18a Enantiomeric 

excess determined by HPLC using Chiralcel OJ-H column (96% hexane/2-propanol, flow 

0.75 ml/min, λ= 254 nm). tR 20.8 min (+); tR 25.2 min (-). 1H NMR (400 MHz, CDCl3), δ: 

4.67 (m, 2H, CH2), 5.06 (d, 1H, CH, J=7.6 Hz), 6.39 (dd, 1H, CH=, J=16.4 Hz, J=7.2 Hz), 6.70 

(d, 1H, CH=, J=16.0 Hz), 7.1- 7.7 (m, 14H, CH=).  

1,3-Diphenyl-3-(3-methylbenzyloxy)-1-propene (34).18a Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (96% hexane/2-propanol, flow 0.75 

ml/min, λ= 254 nm). tR 17.8 min (+); tR 22.6 min (-). 1H NMR (400 MHz, CDCl3), δ: 2.44 (s, 
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3H, CH3), 4.62 (m, 2H, CH2), 5.09 (d, 1H, CH, J=7.2 Hz), 6.42 (dd, 1H, CH=, J=16.4 Hz, J=7.2 

Hz), 6.71 (d, 1H, CH=, J=16.0 Hz), 7.2-7.5 (m, 14H, CH=).  

1,3-Diphenyl-(E)-3-(allyloxy)-1-propene (35).18a Enantiomeric excess determined by 

HPLC using Chiralcel OD-H column (99.75% hexane/2-propanol, flow 0.25 ml/min, λ= 

254 nm). tR 35.2 min (+); tR 38.7 min (-). 1H NMR (400 MHz, CDCl3), δ: 4.04 (m, 2H, CH2), 

5.01 (d, 1H, CH, J=6.8 Hz), 5.22 (d, 1H, CH2=, J=10.4 Hz), 5.34 (dd, 1H, CH2=, J=17.2 Hz, 

J=2.0 Hz), 6.01 (m, 1H, CH=), 6.33 (dd, 1H, CH=, J=16.0 Hz, J=7.2 Hz), 6.65 (d, 1H, CH=, 

J=16.4 Hz), 7.2-7.5 (m, 10H, CH=). 

((1,3-Diphenylallyl)oxy)triphenylsilane (36).32 Enantiomeric excess determined by 

HPLC using Chiralcel OD-H column after desilylation using TBAF (87% hexane/2-

propanol, flow 0.5 ml/min, λ= 254 nm). tR 20.4 min (S); tR 28.1 min (R). 1H NMR (400 

MHz, CDCl3), δ: 5.54 (d, 1H, CH, J=6.4 Hz), 6.32 (dd, 1H, CH=, J=16.0 Hz, J=6.4 Hz), 6.43 

(d, 1H, CH=, J=16.0 Hz), 7.3-7.7 (m, 25H, CH=). 

Dimethyl 2-(1,3-di-p-tolylallyl)malonate (37).33 Enantiomeric excess determined by 

HPLC using Chiralcel OD-H column (95% hexane/2-propanol, flow 0.5 ml/min, = 254 

nm). tR 12.4 min (S); tR 13.3 min (R). 1H NMR (400 MHz, CDCl3), δ: 2.32 (s, 6H, CH3), 3.52 

(s, 3H, CH3), 3.68 (s, 3H, CH3), 3.92 (d, 1H, CH, J= 6.2 Hz), 4.21 (m, 1H, CH), 6.14 (dd, 1H, 

CH=, J=16.4 Hz, J=10.0 Hz), 6.43 (d, 1H, CH=, J=16.4 Hz), 7.10-7.30 (m, 8H, CH=).  

Dimethyl 2-allyl-2-(1,3-di-p-tolylallyl)malonate (38).34 Enantiomeric excess 

determined by HPLC using Chiralcel IA column (98% hexane/2-propanol, flow 0.2 

ml/min, = 254 nm). tR 40.8 min (S); tR 44.0 min (R). 1H NMR (400 MHz, CDCl3), δ: 2.47 

(s, 6H, CH3), 2.64 (dd, 1H, CH2, J=14.4 Hz, J=8.4 Hz), 2.80 (dd, 1H, CH2, J=14.4 Hz, J=6.4 

Hz), 3.81 (s, 3H, CH3), 3.91 (s, 3H, CH3), 4.09 (m, 1H), 5.19 (m, 2H, CH2=), 5.94 (m, 1H, 

CH=), 6.50 (d, 1H, CH=, J=15.6 Hz), 6.84 (dd, 1H, CH=, J=15.6 Hz, J=8.8 Hz), 7.25 (m, 6H, 

CH=), 7.40 (d, 2H, J=8.0 Hz). 

Dimethyl 2-(1,3-di-p-bromophenylallyl)malonate (39).31 Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 

ml/min, = 254 nm). tR 34.4 min (R); tR 49.8 min (S). 1H NMR (400 MHz, CDCl3), δ: 3.54 

(s, 3H, CH3), 3.75 (s, 3H, CH3), 3.92 (m, 1H, CH), 4.23 (m, 1H, CH), 6.30 (dd, 1H, CH=, 

J=15.6 Hz, J=8.4 Hz), 6.44 (d, 1H, CH=, J=15.6 Hz), 7.10-7.48 (m, 8H, CH=).  

Dimethyl 2-(1,3-di-m-methoxyphenylallyl)malonate (40).31 Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 

ml/min, = 254 nm). tR 29.9 min (R); tR 40.5 min (S). 1H NMR (400 MHz, CDCl3), δ: 2.29 

(s, 3H, CH3), 2.45 (s, 3H, CH3), 3.53 (s, 3H, CH3), 3.74 (s, 3H, CH3), 4.08 (d, 1H, CH, J=11.6 

Hz), 4.58 (m, 1H, CH), 6.03 (dd, 1H, CH=, J=15.6 Hz, J=8.4 Hz), 6.68 (d, 1H, CH=, J=15.6 

Hz), 7.10-7.35 (m, 8H, CH=).  

Dimethyl 2-(1,3-di-o-tolylallyl)malonate (41).31 Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 ml/min, = 254 

nm). tR 13.2 min (R); tR 18.8 min (S). 1H NMR (400 MHz, CDCl3), δ: 3.54 (s, 3H, CH3), 3.70 

(s, 3H, CH3), 3.78 (s, 3H, CH3), 3.79 (s, 3H, CH3), 3.96 (d, 1H, CH, J=10.8 Hz), 4.24 (m, 1H, 

CH), 6.31 (dd, 1H, CH=, J=16.0 Hz, J=8.8 Hz), 6.48 (d, 1H, CH=, J=16.0 Hz), 6.76 (m, 2H, 

CH=), 6.85 (m, 2H, CH=), 6.90 (m, 2H, CH=), 7.23 (m, 2H, CH=).  
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Dimethyl 2-(1,3-diisopropylallyl)malonate (42).5a Enantiomeric excess determined 

by 1H NMR using [Eu(hfc)3] in C6D6. 1H NMR (400 MHz, CDCl3), δ: 0.81 (d, 3H, CH3, J=6.8 

Hz), 0.87 (d, 3H, CH3, J=6.8 Hz), 0.93 (d, 3H, CH3, J=6.8 Hz), 0.95 (d, 3H, CH3, J=6.8 Hz), 

1.69 (m, 1H, CH), 2.25 (m, 1H, CH), 2.58 (m, 1H, CH), 3.51 (d, 1H, CH, J=10.0 Hz), 3.66 (s, 

3H, CH3), 3.71 (s, 3H, CH3), 5.23 (dd, 1H, CH=, J=15.2 Hz, J=10.0 Hz), 5.44 (dd, 1H, CH=, 

J=15.2 Hz, J=6.8 Hz).  

Diethyl 2-(1,3-cyclohexanylallyl)malonate (43).35 Enantiomeric excess determined 

by HPLC using Chiralpak IC column (98% hexane/2-propanol, flow 0.5 ml/min, λ= 226 

nm). tR 22.4 min (+); tR 23.5 min (-). 1H NMR (400 MHz, CDCl3), δ: 1.22 (t, 6H, CH3, J=7.2 

Hz), 1.49 (m, 2H, CH2), 1.67 (m, 2H, CH2), 1.93 (m, 2H, CH2), 2.86 (m, 1H, CH), 3.19 (d, 1H, 

CH, J=9.6 Hz), 4.14 (q, 4H, CH2, J=7.2 Hz), 5.50 (m, 1H, CH=), 5.72 (m, 1H, CH=).  

Dibenzyl 2-(1,3-cyclohexanylallyl)malonate (44).32 Enantiomeric excess determined 

by HPLC using Chiralpak IA column (90% hexane/2-propanol, flow 0.5 ml/min, λ= 226 

nm). tR 15.1 min (-); tR 16.3 min (+). 1H NMR (400 MHz, CDCl3), δ: 1.41 (m, 2H, CH2), 1.55 

(m, 2H, CH2), 1.95 (m, 2H, CH2), 2.96 (m, 1H, CH), 3.40 (d, 1H, CH, J=9.6 Hz), 5.15 (s, 4H, 

CH2), 5.55 (m, 1H, CH=), 5.75 (m, 1H, CH=), 7.2-7.4 (m, 10H, CH=).  

Dimethyl 2-(1,3-cyclohexanylallyl)-2-methylmalonate (45).36 Enantiomeric excess 

determined by HPLC using Chiralpak IC column (99.5% hexane/2-propanol, flow 0.5 

ml/min, λ= 226 nm). tR 36.4 min (-); tR 39.7 min (+). 1H NMR (400 MHz, CDCl3), δ: 1.29 (s, 

3H, CH3), 1.51 (m, 2H, CH2), 1.58 (m, 2H, CH2), 1.92 (m, 2H, CH2), 2.99 (m, 1H, CH), 3.68 

(s, 6H, CH3), 5.43 (m, 1H, CH=), 5.74 (m, 1H, CH=).  

Dimethyl 2-allyl-2-(1,3-cyclohexanylallyl)malonate (46).4e Enantiomeric excess 

determined by HPLC using Chiralpak IC column (87% hexane/2-propanol, flow 0.5 

ml/min, λ= 226 nm). tR 15.3 min (-); tR 17.0 min (+). 1H NMR (400 MHz, CDCl3), δ: 1.49 

(m, 2H, CH2), 1.77 (m, 2H, CH2), 1.91 (m, 2H, CH2), 2.65 (m, 2H, CH2), 2.86 (m, 1H, CH), 

3.65 (s, 3H, CH3), 3.68 (s, 3H, CH3), 5.06 (m, 2H, CH2=), 5.71 (m, 3H, CH=). 

Dimethyl 2-propargyl-2-(1,3-cyclohexanylallyl)malonate (47).7c Enantiomeric 

excess determined by GC using Chiraldex -DM column (90 kPa H2, 110 ºC, 40 min- 5 

ºC/min- 150 ºC). tR 50.0 min (S); tR 51.2 min (R). 1H NMR (400 MHz, CDCl3), δ: 1.33 (m, 

2H, CH2), 1.52 (m, 1H, CH2), 1.77 (m, 2H, CH2), 1.92 (m, 1H, CH2), 2.00 (m, 1H, CH), 3.03 

(m, 2H, CH2), 3.09 (m, 1H, CH), 3.68 (s, 3H, CH3), 3.72 (s, 3H, CH3), 5.67 (m, 1H, CH=), 5.74 

(m, 1H, CH=).  

(1,3-Cyclohexanylallyl)pentane-2,4-dienone (48).4e Enantiomeric excess 

determined by GC using Chiralsil-Dex CB column (77 kPa H2, Isotherm at 100 ºC). tR 21.6 

min (-); tR 22.4 min (+). 1H NMR (400 MHz, CDCl3), δ: 1.48 (m, 2H, CH2), 1.62 (m, 2H, CH2), 

1.91 (m, 2H, CH2), 2.09 (s, 3H, CH3), 2.12 (s, 3H, CH3), 2.94 (m, 1H, CH), 3.54 (d, 1H, CH, 

J=10.8 Hz), 5.30 (m, 1H, CH=), 5.70 (m, 1H, CH=).  

Dimethyl 2-(1,3-cyclopentanylallyl)malonate (49).5a Enantiomeric excess 

determined by 1H NMR using [Eu(hfc)3] in C6D6. 1H NMR (400 MHz, CDCl3), δ: 1.61 (m, 

1H, CH2), 2.15 (m, 1H, CH2), 2.35 (m, 2H, CH2), 3.30 (d, 1H, CH, J=9.6 Hz), 3.39 (m, 1H, 

CH), 3.71 (s, 6H, CH3), 5.65 (m, 1H, CH=), 5.84 (m, 1H, CH=).  

Dimethyl 2-propargyl-2-(1,3-cyclopentanylallyl)malonate (50).34 Enantiomeric 

excess determined by GC using Chiraldex -DM column (90 kPa H2, Isotherm at 110 ºC). 
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tR 29.9 min (R); tR 30.9 min (S). 1H NMR (400 MHz, CDCl3), δ: 1.70 (m, 1H, CH2), 2.07 (m, 

2H, CH2, CH), 2.24 (m, 2H, CH2), 2.81 (m, 2H, CH2), 3.59 (m, 1H, CH), 3.67 (s, 3H, CH3), 

3.71 (s, 3H, CH3), 5.74 (m, 1H, CH=), 5.79 (m, 1H, CH=).  

Dimethyl 2-(1,3-cycloheptanylallyl)malonate (51).5a Enantiomeric excess 

determined by GC using Chiralsil-Dex CB column (90 kPa H2, Isotherm at 110 ºC). tR 28.8 

min (S); tR 29.7 min (R). 1H NMR (400 MHz, CDCl3), δ: 1.33 (m, 1H, CH2), 1.95 (m, 3H, CH2), 

2.17 (m, 2H, CH2), 3.05 (m, 2H, CH2), 3.31 (m, 1H, CH), 3.49 (d, 1H, CH, J=8.4 Hz), 3.73 (s, 

3H, CH3), 3.75 (s, 3H, CH3), 5.60 (m, 1H, CH=), 5.84 (m, 1H, CH=).  

Dimethyl 2-propargyl-2-(1,3-cycloheptanylallyl)malonate (52).34 Enantiomeric 

excess determined by HPLC using Chiralpak OJ-H column (98% hexane/2-propanol, flow 

0.5 ml/min, = 226 nm). tR 11.3 min (R); tR 12.0 min (S). 1H NMR (400 MHz, CDCl3), δ: 

1.24 (m, 2H), 1.70 (m, 2H, CH2), 1.83 (m, 1H, CH2), 2.03 (m, 2H, CH2, CH), 2.16 (m, 2H, 

CH2), 2.84 (m, 2H, CH2), 3.18 (m, 1H, CH), 3.74 (s, 6H, CH3), 5.66 (m, 1H, CH=), 5.84 (m, 

1H, CH=).  

 

3.4.10. General procedure for the preparation of [Pd(η3allyl)(L)]BF4 complexes 53 

-56 

 

The corresponding ligand (0.05 mmol) and the complex [Pd(μ-Cl)(η3-1,3-

allyl)]2 (0.025 mmol) were dissolved in CD2Cl2 (1.5 ml) at room temperature under argon. 

AgBF4 (9.8 mg, 0.05 mmol) was added after 30 min, and the mixture was stirred for 30 

min. The mixture was then filtered over Celite under argon, and the resulting solutions 

were analyzed by NMR. After the NMR analysis, the complexes were precipitated as 

pale-yellow solids by adding hexane. 

 

3.4.11. Characterization details for [Pd(η3allyl)(L)]BF4 complexes 53 - 56 

 

[Pd(η3-1,3-cyclohexenyl)(L5b)]BF4 (53). 31P NMR (CD2Cl2, 298 K), δ: 106.7 (s, 1P). 1H 

NMR(CD2Cl2, 298 K), δ: 0.78 (m, 1H, CH2, allyl), 1.03 (m, 1H, CH2, allyl), 1.39 (s, 9H, CH3, 
tBu), 1.42-1.56 (m, 2H, CH2, allyl), 1.52 (s, 9H, CH3, tBu), 1.62-1.71 (m, 2H, CH2, allyl), 1.81 

(s, 3H, CH3), 1.97 (s, 3H, CH3), 2.23 (s, 3H, CH3), 2.41 (s, 3H, CH3), 2.68 (s, 3H, CH3, SR 

group), 2.91 (s, 3H, CH3, SR group), 3.23 (dd, 1H, CH2, 2JH-H= 12.4 Hz, 3JH-H= 7.2 Hz), 3.51 

(dd, 1H, CH2, 2JH-H= 12.4 Hz, 3JH-H= 6.4 Hz), 4.00 (m, 1H, CH allyl trans to S), 4.81 (m, 1H, 

CH-O), 5.15 (d, 1H, CH-S, 3JH-H= 6.8 Hz), 5.24 (m, 1H, CH allyl central), 5.46 (m, 1H, CH allyl 

trans to P), 6.71 (d, 1H, CH=, 3JH-H= 6 Hz), 7.18 (m, 1H, CH=), 7.3-7.5 (m, 7H, CH=). 13C 

NMR (CD2Cl2, 298 K), δ: 18.1 (CH3), 18.2 (CH3), 20.9 (CH2 allyl), 21.9 (CH3), 22.0 (CH3), 24.5 

(CH3, SR group), 25.7 (CH3, SR group), 28.6 (CH2 allyl), 29.6 (CH2 allyl), 32.9 (CH3, tBu), 

33.5 (CH3, tBu), 36.6 (C, tBu), 36.9 (C, tBu), 39.4 (d, CH2, JC-P= 6 Hz), 55.2 (CH-S), 83.6 (d, 

CH-O, JC-P= 4.8 Hz), 84.3 (d, CH allyl trans to S, JC-P= 6.5 Hz), 100.6 (d, CH allyl trans to P, 

JC-P= 30.5 Hz), 115.0 (d, CH allyl central, JC-P= 8.7 Hz), 125.5-147.3 (aromatic carbons). MS 

HR-ESI [found 839.2869, C47H58O3PPdS (M-BF4)+ requires 839.2874]. 
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[Pd(η3-1,3-cyclohexenyl)(L5c)]BF4 (54). 31P NMR (CD2Cl2, 298 K), δ: 106.2 (s, 1P). 1H 

NMR(CD2Cl2, 298 K), δ: 1.18 (m, 1H, CH2, allyl), 1.47 (s, 9H, CH3, tBu), 1.55 (s, 9H, CH3, 
tBu), 1.51-1.72 (m, 3H, CH2, allyl), 1.84 (s, 3H, CH3), 1.86 (m, 1H, CH2, allyl), 2.14 (s, 3H, 

CH3), 2.14 (m, 1H, CH2), 2.38 (s, 3H, CH3), 2.44 (s, 3H, CH3), 2.58 (s, 3H, CH3, SR group), 

2.70 (s, 3H, CH3, SR group), 3.29 (dd, 1H, CH2, 2JH-H= 12.4 Hz, 3JH-H= 6.8 Hz), 3.56 (dd, 1H, 

CH2, 2JH-H= 12.4 Hz, 3JH-H= 6 Hz), 4.08 (m, 1H, CH allyl trans to S), 5.20 (m, 1H, CH allyl trans 

to P), 5.28 (m, 2H, CH-S and CH allyl central), 5.34 (m, 1H, CH-O), 6.14 (d, 1H, CH=, 3JH-H= 

6.4 Hz), 7.04 (m, 1H, CH=), 7.3-7.5 (m, 7H, CH=). 13C NMR (CD2Cl2, 298 K), δ: 18.1 (CH3), 

18.2 (CH3), 21.0 (CH2 allyl), 21.9 (CH3), 22.0 (CH3), 24.7 (CH3, SR group), 24.8 (CH3, SR 

group), 29.5 (CH2 allyl), 30.96 (CH2 allyl), 33.1 (CH3, tBu), 33.5 (CH3, tBu), 36.6 (C, tBu), 

36.8 (C, tBu), 40.1 (d, CH2, JC-P= 5.4 Hz), 56.8 (d, CH-S, JC-P= 3.2 Hz), 85.1 (m, CH-O and CH 

allyl trans to S), 103.8 (d, CH allyl trans to P, JC-P= 28.6 Hz), 115.0 (d, CH allyl central, JC-P= 

7.9 Hz), 125.4-147.0 (aromatic carbons). MS HR-ESI [found 839.2870, C47H58O3PPdS (M-

BF4)+ requires 839.2874]. 

[Pd(η3-1,3-diphenylallyl)(L5b)]BF4 (55). Major isomer (57%): 31P NMR (CD2Cl2, 298 K), 

δ: 102.8 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 1.25 (s, 9H, CH3, tBu), 1.59 (s, 9H, CH3, tBu), 

1.66 (s, 3H, CH3), 1.69 (s, 3H, CH3), 1.97 (s, 3H, CH3, SR group), 2.18 (s, 3H, CH3), 2.24 (s, 

3H, CH3), 2.95 (s, 3H, CH3, SR group), 2.97 (m, 1H, CH2), 3.41 (dd, 1H, CH2, 2JH-H= 12.4 Hz, 
3JH-H= 7.2 Hz), 4.70 (m, 1H, CH-S), 4.75 (m, 1H, CH allyl trans to S), 4.85 (m, 1H, CH-O), 

5.46 (m, 1H, CH allyl trans to P), 6.18 (dd, 1H, CH allyl central, 3JH-H= 10.8 Hz, 3JH-H= 9.2 

Hz), 6.36 (d, 1H, CH=, 3JH-H= 6.0 Hz), 6.71-7.52 (m, 14H, CH=). 13C NMR (CD2Cl2, 298 K), δ: 

16.9 (CH3), 17.3 (CH3), 20.7 (CH3), 20.9 (CH3), 22.5 (CH3, SR group), 24.0 (CH3, SR group), 

31.5 (CH3, tBu), 32.1 (CH3, tBu), 36.4 (C, tBu), 36.6 (C, tBu), 37.6 (b, CH2), 53.6 (CH-S), 80.2 

(d, CH allyl trans to S, JC-P= 7.3 Hz), 80.4 (d, CH-O, JC-P= 6.8 Hz), 93.0 (d, CH allyl trans to 

P, JC-P= 21.2 Hz), 110.8 (d, CH allyl trans to P, JC-P= 8.4 Hz), 122.7-144.5 (aromatic carbons). 

Minor isomer (43%): 31P NMR (CD2Cl2, 298 K), δ: 102.6 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 

1.50 (s, 9H, CH3, tBu), 1.58 (s, 9H, CH3, tBu), 1.63 (s, 3H, CH3), 1.80 (s, 3H, CH3), 2.20 (s, 

3H, CH3, SR group), 2.42 (s, 3H, CH3), 2.48 (s, 3H, CH3), 3.14 (s, 3H, CH3, SR group), 2.97 

(m, 1H, CH2), 3.30 (dd, 1H, CH2, 2JH-H= 12.4 Hz, 3JH-H= 7.2 Hz), 4.15 (m, 1H, CH allyl trans 

to S), 4.89 (m, 1H, CH-O), 5.02 (m, 1H, CH-S), 5.39 (m, 1H, CH allyl trans to P), 6.36 (d, 

1H, CH=, 3JH-H= 6.0 Hz), 6.52 (t, 1H, CH allyl central, 3JH-H= 9.6 Hz), 6.71-7.52 (m, 14H, CH=). 
13C NMR (CD2Cl2, 298 K), δ: 16.9 (CH3), 17.3 (CH3), 20.8 (CH3), 20.8 (CH3), 22.5 (CH3, SR 

group), 23.3 (CH3, SR group), 30.6 (CH3, tBu), 31.0 (CH3, tBu), 36.5 (C, tBu), 36.8 (C, tBu), 

37.6 (b, CH2), 53.5 (CH-S), 79.8 (d, CH allyl trans to S, JC-P= 6.3 Hz), 92.3(d, CH-O, JC-P= 6.2 

Hz), 103.2 (d, CH allyl trans to P, JC-P= 23 Hz), 112.1 (d, CH allyl trans to P, JC-P= 10 Hz), 

122.7-144.5 (aromatic carbons). MS HR-ESI [found 951.3184, C56H62O3PPdS (M-

BF4)+ requires 951.3187]. 

[Pd(η3-1,3-diphenylallyl)(L5c)]BF4 (56). Major isomer (70%): 31P NMR (CD2Cl2, 298 K), 

δ: 104.3 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 1.41 (s, 9H, CH3, tBu), 1.63 (s, 3H, CH3), 1.65 (s, 

3H, CH3), 1.77 (s, 12H, CH3, tBu and CH3), 2.27 (s, 3H, CH3), 2.47 (s, 3H, CH3, SR group), 

3.06 (s, 3H, CH3, SR group), 3.01 (m, 1H, CH2), 3.36 (dd, 1H, CH2, 2JH-H= 12.8 Hz, 3JH-H= 6.8 

Hz), 5.01 (m, 1H, CH-O), 5.06 (m, 1H, CH-S), 5.12 (m, 1H, CH allyl trans to S), 5.26 (d, 1H, 

CH allyl trans to P, 3JH-H= 10 Hz), 5.95 (d, 1H, CH=, 3JH-H= 6.0 Hz), 6.73 (m, 1H, CH allyl 
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central), 6.87-7.51 (m, 14H, CH=). 13C NMR (CD2Cl2, 298 K), δ: 18.0 (CH3), 18.4 (CH3), 21.9 

(CH3), 22.1 (CH3), 24.4 (CH3, SR group), 25.8 (CH3, SR group), 33.8 (CH3, tBu), 34.2 (CH3, 
tBu), 36.7 (C, tBu), 36.9 (C, tBu), 40.0 (d, CH2, JC-P= 6.7 Hz), 56.9 (d, CH-S, JC-P= 2.7 Hz), 84.7 

(d, CH-O, JC-P= 5.4 Hz), 88.6 (d, CH allyl trans to S, JC-P= 5.2 Hz), 101.5 (d, CH allyl trans to 

P, JC-P= 25.7 Hz), 112.9 (d, CH allyl trans to P, JC-P= 8.3 Hz), 124.7-146.9 (aromatic carbons). 

Minor isomer (30%): 31P NMR (CD2Cl2, 298 K), δ: 107.1 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 

1.64 (s, 9H, CH3, tBu), 1.72 (s, 9H, CH3, tBu), 1.74 (s, 3H, CH3), 1.82 (s, 3H, CH3), 2.31 (s, 

3H, CH3), 2.33 (s, 3H, CH3), 2.38 (s, 3H, CH3, SR group), 2.60 (s, 3H, CH3, SR group), 3.01 

(m, 1H, CH2), 3.47 (dd, 1H, CH2, 2JH-H= 12.8 Hz, 3JH-H= 6.8 Hz), 4.85 (d, 1H, CH-S, 3JH-H= 5.6 

Hz), 5.21 (m, 1H, CH allyl trans to S), 5.51 (m, 1H, CH-O), 5.70 (d, 1H, CH allyl trans to P, 
3JH-H= 10 Hz), 6.00 (d, 1H, CH=, 3JH-H= 6.0 Hz), 6.58 (m, 1H, CH allyl central), 6.87-7.51 (m, 

14H, CH=). 13C NMR (CD2Cl2, 298 K), δ: 18.2 (CH3), 18.3 (CH3), 21.9 (CH3), 22.0 (CH3), 24.2 

(CH3, SR group), 26.1 (CH3, SR group), 32.8 (CH3, tBu), 34.1 (CH3, tBu), 36.6 (C, tBu), 36.7 

(C, tBu), 39.6 (d, CH2, JC-P= 7.5 Hz), 58.1 (d, CH-S, JC-P= 2.5 Hz), 86.7 (d, CH-O, JC-P= 7.5 Hz), 

95.0 (d, CH allyl trans to S, JC-P= 5.4 Hz), 95.9 (d, CH allyl trans to P, JC-P= 23.7 Hz), 113.0 

(d, CH allyl trans to P, JC-P= 9.1 Hz), 124.7-146.9 (aromatic carbons). MS HR-ESI [found 

951.3182, C56H62O3PPdS (M-BF4)+ requires 951.3187]. 

 

3.4.12. Study of the reactivity of the [Pd(η3-allyl)(L))]BF4 with sodium dimethyl 

malonate by in situ NMR 

 

A solution of in situ prepared [Pd(η3-allyl)(L)]BF4 (L= phosphite–thioether, 0.05 

mmol) in CD2Cl2 (1 ml) was cooled in the NMR at −80 °C. At this temperature, a solution 

of cooled sodium dimethyl malonate (0.1 mmol) was added. The reaction was then 

followed by 31P NMR. The relative reaction rates were calculated using a capillary 

containing a solution of triphenylphosphine in CD2Cl2 as external standard. 

 

3.4.13. Computational details 

 

All calculations were performed using the Gaussian 09 program.37 Optimizations of 

minima and transition states were performed employing the B3LYP38 density functional 

and the 6-31G(d) basis set for all elements except for Pd for which LANL2DZ39  was 

used.40 All energies presented correspond to single point calculations with the B3LYP-D3 

functional41  and the larger 6-311+G(d,p)42  basis set for all elements except Pd. Solvation 

was taken into account along optimization and single points through the use of the PCM 

continuum model with the default parameters for dichloromethane.43  No symmetry 

constraints were applied. The validity of the model was confirmed by a series of 

geometry optimizations at the B3LYP-D3 level on the four key transition states. The 

qualitative trends were unchanged: ligand L5b favored the R product (corrected ee of 

64 vs uncorrected ee of 99.99) and ligand L5c favored the S product (corrected ee of 

99.6 vs uncorrected ee of 97.5). Normal mode analysis of all transition states revealed a 
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single imaginary frequency corresponding to the expected nucleophilic attack of the 

nucleophile to one of the two allylic termini carbons. All energies reported are Gibbs 

free energies in solution at 298.15 K and calculated as ΔGreported = ΔGB3LYP/6-31G(d) + (ΔEB3LYP-

D3/6-311+G(d,p) – ΔEB3LYP/6-31G(d)).  
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4.1. Introduction 

 

The obtention of chiral compounds is essential for many industries such as 

pharmaceutical, agrochemical or fragrance ones. Their preparation is still nowadays a 

fruitful research topic.1 In this aspect, Pd-catalyzed asymmetric allylic substitution has 

proved to be one of the most efficient methods since it works under mild reaction 

conditions, it requires usually low catalyst loadings and it has a high functional group 

tolerance. Furthermore, the presence of a final alkene expands its synthetic application.2 

Although all these advantages, the nucleophile and substrate scope are mainly affected 

by the nature of the ligand used and usually the more successfully applied ligands do not 

tolerate well the changes on the substrates. Our group has expertise on the synthesis 

and application of biaryl phosphite-based ligands.3 The biaryl phosphite group has been 

proved to be flexible enough to accommodate well in the chiral pocket the different 

steric demands on the substrates and therefore increases the substrate versatility. 

Moreover, phosphites are good π-acceptors which provides higher activity than the 

standard phosphines. We have previously studied the effect on the substitution of the 

phosphine group by a biaryl phosphite group in the privileged PHOX ligand.2d PHOX 

ligand 57 works successfully well for hindered substrates such as rac-(E)-1,3-

diphenylallyl acetate (S1), but it provides deficient results (racemic) for cyclic substrates, 

such as benchmark cyclic substrate rac-cyclohex-2-en-1-yl acetate (S2). In contrast, 

when the phosphine group is replaced by a biaryl phosphite moiety the Pd-catalyzed 

allylic alkylation worked very successfully in both of them.2d, 4 

 

 

Figure. 4.1. PHOX ligand 57 and the phosphite-oxazoline ligand 58. 

 

Although ligand 58 has been successfully applied on Pd-catalyzed allylic asymmetric 

substitution reactions there is still change for improvement in terms of substrate and 

nucleophile scope. In order to add flexibility to ligand 58, we have replaced the o-

phenylene tether by an alkyl backbone chain that connect the oxazoline and the biaryl 

phosphite group (Figure 4.2). This simple modification allowed us to add new 

parameters which can be optimized to increase the catalyst performance. In this regard, 

we have systematically studied the effect on catalytic performance of the substituents 

and configuration of the oxazoline and biaryl phosphite group respectively, as well as 

the influence on the substitution and configuration of the substituent on the alkyl 

backbone chain. In this sense, we have successfully studied their application in Pd-

catalyzed asymmetric allylic substitution with linear and cyclic substrates using a several 
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C-, O- and N-nucleophiles (up to 73 products). DFT calculations as well as NMR studies 

of the Pd-allyl intermediates allowed us to explain the enantioselectivities observed 

experimentally.  

 

 

Figure. 4.2. General structure of the new phosphite-oxazoline ligands. 

 

4.2. Results and discussion 

 

4.2.1. Synthesis of the ligands L9-L16a,d-e 

 

The ligands were synthesized in a straightforward manner requiring only of two- to 

five-steps (Scheme 4.1) starting from readily available compounds. Hence, ligands L9a,d-

e, which are furnished with two methyl groups in the alkyl backbone chain, where 

synthesized in only two steps from unexpensive α-hidroxyisobutyric acid. The 

condensation reaction between this acid and (S)-phenylglycinol afforded the 

corresponding hydroxyl-oxazoline. Subsequent reaction with the corresponding  

phosphochloridite (ClP(OR)2; P(OR)2 = a,d-e) yielded ligands L9a,d-e.5 The 

phosphochloridites were prepared by reaction of the corresponding BINOL derivative 

(a-c) with PCl3 using pyridine or triethylamine as base.5b 
 

 
(a) (S)-phenylglycinol, xylene, reflux, 16 h. (b) Acetyl chloride, rt, 2 h; (c) Thionyl chloride, 

dichloromethane, reflux, 3 h. (d) Aminoalcohol, TEA, dichloromethane, 5 h. (e) DAST; potassium 

carbonate, dichloromethane, from -78 °C to r.t. 3 h. (f) NaOH (aq), ethanol, 0 °C, 3 h. (g) ClP(OR)2, 

pyridine, toluene, from -78 °C to rt, 16 h. 

Scheme 4.1. Synthesis for the preparation of ligands L9-L16a,d-e. 
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Phosphite-oxazoline ligands (L10-L16a,d-e) which in contrast with the previous 

ligands have a stereogenic center on the alkyl backbone chain were prepared as we 

previously reported.6 In this case and in order to prevent the epimerization of the chiral 

center on the alkyl backbone chain, the synthesis involved the transformation of the 

corresponding α-hydroxy-acid to the amide by reaction with the corresponding amino-

alcohol. Then the corresponding hydroxy-amides were cyclized by reaction with DAST 

(dimethylaminosulfur trifluoride) and subsequent standard deprotection yielded 

hydroxy-oxazolines L10-L15.6-7 Finally, the reaction of compounds L10-L15 with the 

corresponding phosphocloridite afforded the ligands L10-L16a,d-e. 

To our delight, ligands L9-L16a,d-e were isolated as white air-stable solids and do 

not require inert atmosphere for their storage. HRMS-ESI and 1H, 13C and 31P confirmed 

the formation of the desired compounds.  

 

4.2.2. First ligand screening 

 

With the ligands in hand, we first studied the Pd-catalyzed asymmetric allylic 

alkylation on the benchmark substrates hindered rac-(E)-1,3-diphenylallyl acetate (S1) 

and the more challenging cyclic unhindered rac-cyclohex-2-en-1-yl acetate (S2) using 

dimethyl malonate as nucleophile. The reaction conditions were chosen to be 

comparable to our first family of phosphite/oxazoline ligands, therefore, the reaction 

conditions were the same (23 °C, 0.5 mol% Pd/L*).4 The results are summarized in Table 

4.1. We have found two ligands, L9e and L14e, that work well for both hindered 

substrate S1 and unhindered substrate S2 providing enantioselectivities up to 99% and 

with a high catalytic activity (TOF up to 8640 mol substrate x (mol Pd x h)-1) (entries 3 

and 14, respectively). The results obtained indicate that the three parameters in our 

ligands (substituent in alkyl backbone chain, substituent of the oxazoline and the biaryl 

phosphite used) have an influence in the catalytic results.  Nevertheless, the influence 

of these three parameters in the enantioselectivities observed is different for each 

substrate type. While ligand L9e, furnished with two methyl groups in the alkyl backbone 

chain, provides the highest enantiomeric excess in the alkylation of cyclic substrate S2, 

its counterpart L14e gives the best ee values for linear substrate S1 (entries 3 and 14, 

respectively).  

The enantioselectivities observed with ligands L9a,d-e with the achiral alkyl 

backbone chain indicate that these catalytic systems can only control the alkylation well 

in the linear substrate S1 (entries 1-3) since for cyclic substrate S2 it is required to have 

the match configuration between the biaryl phosphite moiety (with (S) configuration) 

and the oxazoline substituent ((S)-phenyl) to attain 99% of ee (entry 3 vs 1 and 2). The 

same trend is observed for ligands L10-L15 where match-mismatch interactions 

between the chiral alkyl backbone chain, the configuration of the biaryl-phosphite 

moiety and the substituent of the oxazoline affect to the catalytic performance of our 

system.  
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Table 4.1. First ligand screening by using S1 or S2, ligands L9-L16a,c-e and dimethyl malonate 
as nucleophile.a  

 

  

 

 

 

Entry L % Conv (h)b %eec  % Conv (h)b %eed 

1 L9a 100 96 (S)  100 60 (S) 

2 L9d 100 86 (S)  100 78 (R) 

3 L9e 100 96 (S)  100 99 (S) 

4 L10a 100 93 (S)  100 40 (S) 

5 L10d 100 40 (S)  100 74 (R) 

6 L10e 100 90 (S)  100 90 (S) 

7 L11a 100 92 (S)  100 7 (S) 

8 L12a 100 73 (S)  100 4 (S) 

9 L13a 100 90 (R)  100 20 (R) 

10 L13d 100 94 (R)  100 81 (R) 

11 L13e 100 55 (R)  100 77 (S) 

12 L14a 100 97 (S)  100 44 (S) 

13 L14d 100 89 (S)  100 65 (R) 

14 L14e 100 99 (S)  100 96 (S) 

15 L15a 100 84 (S)  100 33 (S) 

16 L15d 100 91 (S)  100 60 (R) 

17 L15e 100 90 (S)  100 97 (S) 

18e L14e 72 99 (S)  41 96 (S) 
a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), dimethyl 
malonate (3 eq), KOAc (pinch) at rt for 10 min. b Conversion percentage determined by 1H-NMR. 
c  determined by HPLC or GC. Absolute configuration drawn in parentheses. d Calculated by GC. e 5 
minutes reaction with 0.1% mol of Pd catalyst.  

 

The influence of the oxazoline substituent was also studied. When the oxazoline ring 

is furnished by a bulky group, such as tert-butyl or isopropyl (L11 and L12) the 

enantiodiscrimination decreases, especially for cyclic substrate S2 (entries 7 and 8). On 

the other hand, when the oxazoline is substituted with a less steric demanding phenyl 

ring the enantioselectivities observed are better (entry 4). Furthermore, the phenyl 

substituted oxazoline is more advantageous since it can be synthesized from (S)-

phenylglycinol which is cheaper than (S)-tert-leucinol (for L12a). 

The comparation of the diasteromeric ligands (L10d-e and L13d-e) stablishes the 

presence of match and mismatch interactions between the configuration of both the 

biaryl phosphite moiety and the oxazoline substituent. The match configuration is 

observed in ligands L10e and L13d (entries 6 and 10). In this regard, the configuration of 

the alkylated product using hindered substrate S1 is mainly controlled by the 

configuration on the oxazoline ring, whereas for the unhindered cyclic S2 is the biaryl 

phosphite group configuration who controls the configuration outcome. Therefore, both 
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enantiomers of the alkylated substrate are available just by carefully choosing the 

correct combination of ligand parameters.  

The last parameter that we studied was the influence of the substituent in the alkyl 

backbone. For this, we compared the ligands L9, L10, L14 and L15, where the alkyl 

backbone is substituted by a dimethyl-, phenyl-, methyl- or isopropyl-group, 

respectively. The best performing ligands were L9 for cyclic substrate S2 and L14 for 

linear substrate S1 which contains a dimethyl group and a methyl group in the alkyl 

backbone chain, respectively. 

To sum up, the enantioselectivities observed using Pd/L9e and Pd/L14e catalytic 

systems are comparable to the obtained with our first family of phosphite/oxazoline 

ligands (57). With the addition that our ligands have provided TOF values three times 

higher than those with the first family (>8000 vs >2400 mol substrate x (mol Pd x h)-1).4 

 

4.2.3. Substrate scope with linear- and cyclic-type substrates using several    

C-, O- and N-nucleophiles 

 

With the best performing ligands in hand, we have further studied the Pd-catalyzed 

asymmetric allylic substitution of different substrates including other linear substrates 

(unsymmetrical 1,3-disubstituted) and cyclic substrates with different ring sizes. 

Furthermore, the nucleophiles used include those that are more exciting from a 

synthetic point of view (amines, β-diketones, substituted malonates, 2-cyanoacetates, 

pyrroles, aliphatic alcohols, and amines). 

First, we studied the nucleophile scope with linear substrate S1 using Pd/L14c 

catalytic system, which was the best performing using dimethyl nucleophile as 

nucleophile. To our delight, a range of C-, N- and O-nucleophiles were successfully 

alkylated with high yields and enantioselectivities. 

First, we examinated the C-alkylation of S1 (Table 4.2). High enantioselectivities, up 

to >99% and yields were attained when malonates were used (Table 4.2, entries 1-7), 

even with the substituted ones which can serve as useful intermediates for the 

preparation of more complex molecules. The alkylation of other dicarbonyl analogues 

nucleophiles such as acetylacetone and malonitrile (entries 8-9) gave the corresponding 

alkylated products in excellent yields and enantioselectivities (>99% ee). In the case of 

isopropyl cyanoacetate, we obtained excellent ee values albeit the low diastereomeric 

control (entry 10).   
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Table 4.2. Nucleophile scope for Pd/L14e system using S1 as substrate.a 

 

Entry Product 
% 

Yieldb 

% 
eec Entry Product 

% 
Yieldb % eec 

1 

 

94 
>99 
(S) 

8 

 

91 
>99 
(S) 

2 

 

93 
>99 
(S) 

9 

 

90 
>99 
(S) 

3 

 

94 
>99 
(R) 

10 

 

91 
(55:45 

dr) 
99/96 

4 

 

92 
99 
(R) 

11c 

 

91 
95  
(R) 

5 

 

89 
>99 
(R) 

12c 

 

91 
92 
(R) 

6 

 

90 
>99 
(R) 

13c 

 

89 
99  
(R) 

7 

 

89 
>99 
(R) 

14d,e 

 

54 
62  
(R) 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
Nucleophile (3 eq), KOAc (pinch) at rt for 2 h. b Full conversions. c Determined by HPLC. d Using K2CO3 

(3 equiv). e Reaction at -20 °C for 48 h.  
 
 

We also attempted the alkylation of pyrrole rings. Pyrrole heterocycle can be found 

in several interesting molecules as well as in compounds of biologically relevance.8 As it 

was previously pointed out in our indene-based P,S-ligand library (see Chapter 3), the 

benchmark ligands for this transformation such as Trost ligands are not compatible with 

the use of pyrroles and their use in Pd-AAS has been only reported once requiring low 

temperatures (-20 °C) to attain high ee’s. To our delight, we could attain high levels of 

enantioinduction for the Pd-AAS of substituted pyrroles using Pd/L14c catalytic system 

(entries 12-14) at room temperature albeit that for non-substituted alkylated pyrrole 60 
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the ee value observed was some lower and required lower reaction temperature (-20 

°C) and a longer reaction time (48 h). 

Then, we tried Pd/L14e catalytic system in several N- and O-nucleophiles (Table 4.3). 

This catalytic system performed well when using amines as nucleophiles obtaining 

enantioselectivities comparable with those obtained with C-nucleophiles. Thus, we 

could achieve the substitution of several primary and secondary amines (aryl-, alkyl-, 

and propargyl-substituted amines). In this context, when benzyl- and furfurylamine 

were used, yields and enantioselectivities remained excellent (entries 15-18). Primary 

amines also were alkylated with high enantiocontrol (entries 22-23) as well as cyclic 

secondary amines (entries 19 and 24). The use of aromatic amines such as tosylamine 

or aniline also provided excellent results (entries 25-26) (ee up to >99%). The Pd/L14e 

catalytic system performed better than previously Pd/58 catalysts, since the latter only 

provided high levels of enantiocontrol when benzylamine was used as nucleophile.4 

The excellent enantioselectivities achieved with amines were also obtained when 

alcohols were used as nucleophiles (entries 13-19). In this regard, the addition of O-

nucleophiles gave the corresponding chiral ethers with enantioselectivities comparable 

with those obtained with dimethyl malonate. In this regard, aliphatic alcohols are of high 

interest since they can be found in biological active molecules.9 Nevertheless, 

successfully applications in Pd-AAS are reported only in few references.10 In this regard, 

the success on the enantiodiscrimination is highly affected by the electronic 

characteristics of the aliphatic alcohol. As can be seen, excellent enantioselectivities 

were observed with a broad range of benzylic alcohols (entires 27-30) except for the p-

CF3 substituted one, which gave some lower ee. We also attained the substitution of 

butanol albeit with lower enantiomeric control (entry 33, ee up to 72%). Despite that, 

enantioselectivities up to 99% were achieved with the addition of less studied allyl 

alcohol and trihpenylsilanol (entries 31-32).10d, 11 

In this regard, malonates, including those bearing allyl, pentenyl or propargyl groups, 

could be used leading to yields and enantioselectivities as high as those obtained with 

S1 (entries 1-6, ee up to >99%). We also were able to attain excellent results in substrates 

S6 and S7 that are more sterically demanding and are typically obtained with lower 

levels of enantioinduction (entries 7 and 8, ee up to >99%). In addition, our Pd/L14e 

catalytic system was also successfully applied in the less sterically demanding substrate 

S10 which only few systems attain this level of enantioinduction with the use of 

propargyl malonate as nucleophile.  

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
DEVELOPMENT OF TAILOR-MADE CATALYST LIBRARIES FOR THE CONSTRUCTION 
OF CHIRAL C-X (X= C, N AND O) BONDS. APPLICATION TO THE SYNTHESIS  
OF COMPLEX MOLECULES 
Joan Saltó de la Torre 



Application of a phosphite-oxazoline ligand library for Pd-AAS reactions 

   

69 

Table 4.3. N- and O-alkylation for Pd/L14e system using S1 as substrate.a 

 

Entry Product 
% 

Yieldb 

% 
eec Entry Product 

% 
Yieldb 

% 
eec 

1 

 

85 
>99 
(R) 

11 

 

91 
98 
(R) 

2 

 

81 
99 
(R) 

12 

 

83 
>99 
(R) 

3 

 

83 
>99 
(R) 

13d 

 

91 
99 
(R) 

4 

 

92 
99 
(R) 

14d 

 

90 
99 
(-) 

5 

 

84 
93 
(R) 

15d 

 

89 
60 
(-) 

6 

 

76 
97 
(R) 

16d 

 

91 
97 
(-) 

7 

 

71 
98 
(R) 

17d 

 

79 
99 
(-) 

8 

 

83 
93 
(R) 

18d 

 

87 
99 
(R) 

9 

 

75 
96 
(R) 

19d 

 

95 
72 
(S) 

10 

 

80 
92 
(R) 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
Nucleophile (3 eq), KOAc (pinch) at rt for 2 h. b Full conversion. c Determined by HPLC. d 2 mol% 

[PdCl(3-C3H5)]2, 4 mol% of ligand, and CsCO3 (3 eq) as base. 
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Table 4.4. Substrate and nucleophile scope of different hindered substrates with Pd/L14e.a 

 
Entry Substrate Product % Yieldb % eec 

1 S3 

 

91 >99 (S) 

2 S3 

 

92 >99 (R) 

3 S3 

 

88 >99 (R) 

4 S3 

 

90 >99 (R) 

6 S5 

 

86 >99 (S) 

7 S6 

 

87 >99 (S) 

8 S7 

 

86 >95 (S) 

9 S10 

 

86 82 (S) 

10 S10 

 

78 83 (S) 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
Nucleophile (3 eq), KOAc (pinch) at rt. b Full conversions were obtained after 2 h except for substrates 
S6 and S7 that required 12 h and S9 that required 18 h. c Determined by HPLC.  
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The scope was also expanded by studying the Pd-asymmetric allylic alkylation of 

other challenging linear unsymmetrically disubstituted substrates. For this type of 

substrates, the regioselectivity of the transformation must be also considered. In this 

regard, most of the catalytic systems are reported to proceed by a kinetic resolution 

which limits the yield to 50%.12 Nevertheless, few examples in which the catalyst is able 

to epimerize the Pd-allyl intermediate in the reaction conditions and therefore proceed 

via a DYKAT (dynamic kinetic asymmetric transformation) process are found in the 

literature.13 We focused in CF3- substituted substrate S11 due to the relevance that chiral 

organofluorine compounds have nowadays (Table 4.5).  In this regard, there is only one 

successful example with substrate S11, using a Pd/(S)-tol-BINAP catalytic system and 

requiring 10 mol% Pd, a temperature of 60°C and dioxane as solvent. To our delight, our 

Pd/L14e system was able to promote the epimerization of rac-S11 in the Pd-

intermediate and therefore proceed by a DYKAT under mild reaction conditions. 

Therefore, we were able to alkylate substrate S11 using several C-nucleophiles including 

substituted malonates such as allyl or propargyl which can be further derivatize to obtain 

more complex molecules (see Chapter 5). 

 

Table 4.5. Substrate and nucleophile scope of unsymmetrically disubstituted substrate S11 
with Pd/L14e.a 

 
Entry Product % Yieldb % eec 

1 

 

71 76 (R) 

2 

 

62 78 (R) 

3 

 

59 80 (S) 

4 

 

60 77 (S) 

5 

 

62 73 (S) 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 

Nucleophile (3 eq), KOAc (pinch), 40 °C for 18 h. b Full conversions. c Determined by HPLC. 

As we mentioned before, catalytic systems able to alkylate both hindered and 

unhindered substrates with excellent enantioselectivities are very difficult to find. In this 
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regard, our ligand screening showed that Pd/L9e catalytic system was able to alkylate 

benchmark cyclic substrate S2 with excellent levels of enantioinduction (up to 99% ee) 

using dimethyl malonate as nucleophile (vide supra, entry 3, Table 4.1). Encouraged with 

these results, we further tested our Pd/L9e catalytic system in the Pd-AAS of substrates 

S2, S8 and S9 which differs in the ring size.  
 

Table 4.6. Allylic alkylation of unhindered cyclic substrates using different C- and N-
nucleophiles.a 

 

Entry Product % Yieldb % eec Entry Product 
% 

Yieldb 
% 

eec 

1 

 

82 
99 
(S) 

8 

 

89 
93 
(S) 

2 

 

89 
98 
(S) 

9 

 

87 
>99 
(S) 

3 

 

86 
99 
(+) 

10 

 

93 
>99 
(S) 

4 

 

79 
95  
(-) 

11d 

 

95 
81 
(S) 

5 

 

80 
>99 
(S) 

12d 

 

81 
79 
(S) 

6 

 

76 
99 
 (-) 

13d 

 

90 
83 
(S) 

7 

 

81 
91 
 (-) 

    

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), 
dimethyl malonate (3 eq), KOAc (pinch) at rt for 2 h.  b Full conversion. c Determined by HPLC or GC. 
d This reaction required the carbonate version of S2, rac-cyclohex-2-en-1-yl ethyl carbonate, 1 mol% 
Pd/L9e and 18 h. 
 

The application of this system on cyclohexenyl derivative S2 provided delightful 

results obtaining excellent yields and enantioselectivities (up to >99%) using several 

UNIVERSITAT ROVIRA I VIRGILI 
DEVELOPMENT OF TAILOR-MADE CATALYST LIBRARIES FOR THE CONSTRUCTION 
OF CHIRAL C-X (X= C, N AND O) BONDS. APPLICATION TO THE SYNTHESIS  
OF COMPLEX MOLECULES 
Joan Saltó de la Torre 



Application of a phosphite-oxazoline ligand library for Pd-AAS reactions 

   

73 

malonates, even with propargyl malonate which in our reported Pd/58 catalytic system 

was obtained in lower enantioselectivity (entries 1-7, ee’s up to 99%). These excellent 

results were also attained when cycloheptenyl derivative S9 was used (entries 9 and 10, 

ee’s up to >99%) as well as for the more challenging cyclopentenyl derivative S8 (entries 

7 and 8, ee’s up to 93%). It is worth to mention that propargyl derivatives 47, 50 and 52 

can further derivatized to more complex chiral molecules (vide infra, Chapter 5).  

Cyclic substrates can also serve as platforms for the Pd-catalyzed asymmetric allylic 

amination, although it has been much less studied. In this regard, the systems found in 

the literature perform worst with amino nucleophiles and they usually provide low 

enantiomeric excesses.2b, k, 14 Thus, we further tested our Pd/L9e catalytic system in the 

amination of S2. In this regard, we succeeded in the application of our Pd/L9e catalytic 

system using amines as nucleophiles albeit the ee were somewhat lower than in the 

allylic alkylation (entries 11-13). The results obtained showed that the system is hardly 

influenced by the electronic properties of the group in para position of the benzylamine 

used.  

As our catalytic system performed well in 1,3-disubstituted substrates, we wonder if 

this performance could be retained to the monosubstituted ones. Monosubstituted 

substrates differs on the 1,3-substituted that the system must control not only the 

enantioselectivity but also the regioselectivity. Most of the Pd-catalytic systems found 

in the literature usually give the achiral linear products and therefore the search for a 

system which can control the regio- and the enantioselectivity on these substrates is still 

highly needed.15   

First, we studied the ligand influence in the regioselectivity and the 

enantioselectivity in the allylic alkylation of benchmark monosubstituted substrate S12 

using dimethyl malonate as nucleophile (Table 4.7).  

Table 4.7. Ligand screening for monosubstituted substrate S12 using dimethyl malonate as 
nucleophile.a 

 

Entry Ligand % conv (% yield)b % branchedc % eed 

1 L9a 100 (88) 80 64 (S) 
2 L9d 100 (89) 80 37 (S) 
3 L9e 100 (88) 75 88 (S) 
4 L10a 100 (91) 75 64 (S) 
5 L10d 100 (89) 80 34 (S) 
6 L10e 100 (90) 75 91 (S) 
7 L13a 100 (89) 80 45 (R) 
8 L13d 100 (88) 85 87 (R) 
9 L13e 100 (91) 70 45 (R) 

10 L14e 100 (90) 70 93 (S) 
11b L15e 100 (91) 90 98 (S) 

a 1 mol% [PdCl(3-C3H5)]2, 2.2 mol% ligand, benzene, BSA/KOAc as base at 0°C for 1h.  b Full 
conversion. c Calculated by NMR from the reaction crude. d Determined by HPLC. 
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We found that the regioselectivity was not substantially affected by the ligand used 

whereas for the enantioselectivity the ligand used was crucial. The results indicated that 

the enantioselectivity was affected by both of the oxazoline and the nature of the biaryl 

phosphite group like in the case of substrate S1 but the substituent in the alkyl backbone 

chain affected differently. In this sense, the best performing ligand was L15e where the 

alkyl backbone chain is furnished with a chiral isopropyl group (ee up to 98%, entry 8). 

As it was found for the allylic alkylation of substrate S1, the configuration of the resulting 

product was determined by the configuration of the oxazoline substituent (entries 4-6 

vs 7-9) whereas the value of the enantioselectivity was dependent on the match or 

mismatch configurations of the biaryl phosphite moiety and the oxazoline substituent 

(ligand L9e vs ligand L13d, entries 6 and 8 respectively).  

With the best-performing ligand L15e in hand, we further studied different 

monosubstituted substrates with other steric and electronic demands using several C-

nucleophiles (Table 4.8). First, we studied the alkylation of substrates S13-S18 with 

dimethyl malonate as nucleophile. We observed previously with Pd/58 catalytic system 

that the enantioselectivity and the regioselectivity to the branched isomer were reduced 

when the 1-naphthyl group on S12 is replace by a phenyl ring (S13).11 Furthermore, the 

regioselectivity decreasing was more evident when using substrates with electron-

withdrawing groups (S16). In this sense, we overcame these limitations attaining high 

enantioselectivities (ee up to 96%, entry 5) and regioselectivities (up to 83%, entry 1) 

using dimethyl malonate as nucleophile regardless the substitution pattern on the 

substrates. Finally, we also studied the influence of other carbon nucleophiles. When α-

substituted malonates were used as nucleophiles, promising high enantioselectivities 

were attained albeit the regiocontrol was somewhat lower (entries 7-9). 

 

Table 4.8. Substrate and nucleophile scope of unsymmetrically disubstituted substrate S11 
with Pd/L15e.a 

 

Entry Substrate Product % Yieldb (% branched)c % eed 

1 S13 

 

93 (83) 94 (S) 

2 S14 

 

91 (78) 95 (S) 
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(continuation) 

Entry Substrate Product % Yieldb (% branched)c % eed 

3 S15 

 

85 (82) 93 (S) 

4 S16 

 

92 (75) 92 (S) 

5 S17 

 

89 (81) 96 (S) 

6 S18 

 

87 (81) 96 (S) 

7 S13 

 

81 (60) 86 (R) 

8 S13 

 

79 (50) 88 (R) 

9 S13 

 

84 (55) 89 (R) 

a 0.5 mol% [PdCl(3-C3H5)]2, 1.1 mol% ligand, benzene, BSA/KOAc as base at 0 °C for 2 h. b Full 
conversion. c Calculated by NMR from reaction crude. d Determined by HPLC. 
 
 

4.2.4. DFT calculations 

 

Published mechanistic studies regarding Pd/phosphite-oxazoline 58 systems have 

established that nucleophilic attack, which control enantiomeric output, takes place 

though an early transition state (TS).11 Therefore, the enantiomeric outcome is 

controlled by electrophilicity on the allylic carbons in the TS’s. This agrees with the 

higher trans influence of  P-group versus the oxazoline group and therefore, being the 

more reactive carbon trans to phosphorous.16 With the objective of determinate the 

origin of the enantioselectivity we have carried out a DFT studies on the early TS’s 

involving the alkylation of  both hindered substrate S1 and the unhindered one S2 with 
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ligands L9d, L9e and L14e (Table 4.9). We have studied the effect on the stereochemical 

outcome of varying the configuration of the biaryl phosphite group (L9d and L9e) as well 

as the effect of having a chiral substituent on the alkyl backbone chain (Ligand L14e). 

The DFT studies were performed using ammonia as nucleophile to speed up the 

calculations. Furthermore, only the Pd-allyl compounds with syn-syn configuration on 

the allyl were considered (TSendo and TSexo) since the anti-anti and anti-syn species are 

higher in energy and they can be neglected.2c 

Thus, we calculated the most stable TS for each enantiomer respectively (TS(S) and 

TS(R)) with these three ligands. The calculated energies agreed with the 

enantioselectivities observed experimentally for both substrates. In this regard, the 

calculations identified that Pd/L9e and Pd/L14e catalytic systems gave better 

enantiomeric excesses than Pd/L9d. The same results are obtained comparing Pd/L9e 

and Pd/L9d systems where the Pd/L9e energy gap between the TS’s is higher than 

Pd/L9d which is in concordance with the higher enantioselectivity observed 

experimentally (Table 4.1, 96% (S) ee for S1 and 99% (S) ee for S2 using L9e and 86% (S) 

ee for S1 and 78% (R) ee for S2 using L9d). Calculated TS also predicted the formation of 

the opposite enantiomer on S2 when the opposite configuration on the biaryl phosphite 

group was used (L9d vs L9e). 

 

Table 4.9. DFT calculated energies of the most stable TSs with hindered and unhindered 
benchmark substrates S1 and S2 and NH3.a 

 

 
Relative Energies of 

TSs  
Relative Energies of 

TSs 

Conformation of the TS L9d L9e L14e Conformation of the TS L9d L9e L14e 

 

16.6b 21 14.2 

 

5c 0 0 

 

5.4b 0 0 

 

4c 15.6 13.6 

a All energies given are relative and in kJ/mol. b Relative to TS(R) exo-L9e c Relative to TS(R) endo-L9e. 

  

The analysis of the 3D plotting’s of the most stable calculated TS’s for ligands L9d 

and L9e and substrates hindered S1 and unhindered S2 allowed us to evaluate the 

influence of the configuration of the biaryl phosphite group in the enantioselectivity.  As 

can be seen, in the case of S1 a repulsive interaction between the oxazoline substituent 

of both ligands L9d and L9e with the phenyl substituent of S1 destabilizes all the endo 

isomers. This repulsive interaction between S1 and the ligands increases the dihedral 

angle between the alkyl backbone chain and the oxazoline group (ω C1-N-C2-C3) in TSs 
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exo respect their counterpart TSs endo. Thus, this unfavourable interaction, in the case 

of TSs endo, pushes ultimately away the oxazoline and therefore causing a lower 

dihedral angle. In contrast, with the cyclic substrate S2 this repulsive interaction cannot 

be found. These desestabilizating interactions show why the stereochemical outcome is 

the same for S1. 

For hindered substrate S1 and Pd/L9e there is in exo TS(s) a CH/π interaction between 

the biaryl phosphite group and one of the phenyl substituents on S1 (Figure 4.3) that 

supplementary stabilizes this TS. This stabilization increases further the energy 

difference between the TS exo and TS endo which is therefore translated with the higher 

levels of enantioinduction observed with Pd/L9e respect its counterpart Pd/L9d. In the 

case of Pd/L9d there is also a CH/π interaction but in the endo TS(R). Thus, the energy 

gap between both TS’s are more similar than its Pd/L9e counterpart (see Figure 4.3).  

 

 

Figure. 4.3. 3D representation of the most stable calculated TSs. TS(S)exo and TS(R)endo for 
S1 with ligands L9d and L9e, (a) and (b), respectively, and TS(R) exo and TS(S)endo for S2 
with ligands L9d and L9e, (c) and (d) respectively. 

 

The analysis of the NCI plots (Non-covalent Interactions) of the TSs regarding S2 with 

Pd/L9d and Pd/L9e systems were more conclusive to explain the stereochemical 

outcome obtained (Figure 4.4). In this regard, the two most stable TSs with ligands L9e 

and L9d, respectively, showed weak stabilizing attractive interactions between the aryl 

groups of the phosphite moiety and the substrate. When the ligand used had (R)axial 

configuration on the biaryl phosphite group (ligand L9d) the favorable attractive 

interactions are found in the TS(R)-exo and therefore, the R-enantiomer is produced. In 

contrast for L9e, the interactions found are by far larger in the TS(S)-endo which leads to 

the formation of the S-enantiomer.  
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Figure. 4.4. NCI plotting of the most stable TSs for S2, TS(R)-endo and TS(S)-exo, using ligands 
L9d for (a) and L9e for (b). The green color indicates weak attractive interactions, the 
blue those that are highly attractive and red the highly repulsive interactions.  

 

 To sum up, the DFT calculations has stablished that, the enantioselectivity outcome 

in the cyclic substrate S2 is controlled by weak interactions between the substrate and 

the biaryl phosphite moiety. In contrast, for the linear hindered substrate S1, the 

oxazoline ring has also an important role.  
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4.2.5. Synthesis and preparation of the Pd-allyl intermediates and their study 

by NMR spectroscopy 

 

As pointed out by DFT calculations, the enantiomeric output is determined during 

nucleophilic attack by an early transition state. To further study the influence on the 

enantioselectivity of different groups in the alkyl backbone chain. We prepared Pd-allyl 

complexes 90-93 studied the coordination and reactivity by NMR and VT-NMR 

experiments.  

 

 

Scheme 4.2. Preparation of the Pd-allyl complexes 90-93. 

 

The Pd-allyl complexes 90-93 were prepared analogously to those prepared in 

Section 3.2.4 for P-S ligands. We choose the ligands L10e and L14e since they differ on 

the chiral-substituted alkyl backbone chain between the oxazoline and the biaryl 

phosphite group, having L10e a chiral-phenyl group and L14e a chiral-methyl group. 

The VT-NMR from (30 to -80 °C) of the Pd- intermediates 90 and 91 show a mixture 

of exo and endo at a ratio of 3:1 and 10:1, respectively. No changes in VT-experiment 

were observed in the range of temperatures studied. This indicates that the equilibria 

between the two isomers is fast, even at -80°C. The NOE experiments indicate that there 

is NOE effect between the terminal allylic protons and the ligand therefore indicating a 

syn/syn disposition. The NOE experiments were also conclusive to stablish the exo and 

endo disposition between them. The 13C-NMR chemical shifts clearly indicated that the 

most electrophilic allylic terminus carbon atom is trans to the phosphite group, which 

has the higher trans effect. As the nucleophile attack occurs in the most electrophilic 

carbon and the diastereomeric excesses observed in the intermediates differs from the 

enantiomeric output found experimentally, the major isomer should react faster than 

the minor isomer. Furthermore, the chemical shift difference between the terminus 

carbon atoms of the isomers is higher in 90 (Δδ(13C) ≈ 12.4 ppm) than in 91 (Δδ(13C) ≈ 8 

ppm), therefore, the major isomer of 90 (exo) should react faster than the major one 

(also exo) of 91. Nevertheless, when sodium dimethyl malonate was added at low 

temperature, they both reacted at a similar rate, being kexo/endo 8 for 90 and 7.5 for the 

reaction with complex 91. The higher enantioselectivity obtained by Pd/L14e system can 

be attributed to the higher relative population of the faster reacting isomer. Thus, in S1, 

Pd/L14e catalytic system can control better the population of the intermediates as well 

as the relative electrophilicity in the terminal allyl atoms, both being pivotal to obtain a 

high enantiocontrol. 
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Scheme 4.3.  Diastereomeric Pd-allyl intermediates for S1 and S2 with ligands L10e (90 and 
92) and L14e (91 and 93).  

 

The VT-NMR from (30 to -80 °C) of the Pd- intermediates 90 and 91 show a mixture 

of exo and endo at a ratio of 3:1 and 10:1, respectively. No changes in VT-experiment 

were observed in the range of temperatures studied. This indicates that the equilibria 

between the two isomers is fast, even at -80°C. The NOE experiments indicate that there 

is NOE effect between the terminal allylic protons and the ligand therefore indicating a 

syn/syn disposition. The NOE experiments were also conclusive to stablish the exo and 

endo disposition between them. The 13C-NMR chemical shifts clearly indicated that the 

most electrophilic allylic terminus carbon atom is trans to the phosphite group, which 

has the higher trans effect. As the nucleophile attack occurs in the most electrophilic 

carbon and the diastereomeric excesses observed in the intermediates differs from the 

enantiomeric output found experimentally, the major isomer should react faster than 

the minor isomer. Furthermore, the chemical shift difference between the terminus 

carbon atoms of the isomers is higher in 90 (Δδ(13C) ≈ 12.4 ppm) than in 91 (Δδ(13C) ≈ 8 

ppm), therefore, the major isomer of 90 (exo) should react faster than the major one 

(also exo) of 91. Nevertheless, when sodium dimethyl malonate was added at low 
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temperature, they both reacted at a similar rate, being kexo/endo 8 for 90 and 7.5 for the 

reaction with complex 91. The higher enantioselectivity obtained by Pd/L14e system can 

be attributed to the higher relative population of the faster reacting isomer. Thus, in S1, 

Pd/L14e catalytic system can control better the population of the intermediates as well 

as the relative electrophilicity in the terminal allyl atoms, both being pivotal to obtain a 

high enantiocontrol. 

In the case of substrate S2, the VT-NMR study of the intermediates 92 and 93 

showed that the relative population of exo and endo isomers was 1:15 for 92 and for 

complex 93 only the endo isomer was detected. The major isomers for both complexes 

were assigned as endo due to the NOE effects observed in NOE experiments. As can be 

seen in Scheme 4.3, the most electrophilic allylic terminus carbon atom shows very 

similar chemical shift, clearly indicating that both isomers should react at similar rate. 

So, we can conclude that the enantioselectivity is correlated by the relative ratio of endo 

and exo isomers. The higher enantioselectivity observed for Pd/L14e catalytic system 

can be rationalized by the fact that only the endo isomer was detected by NMR.   

 

4.3. Conclusions 

 

We have successfully applied a new ligand library based on phosphite-oxazoline 

ligands for Pd-catalyzed asymmetric allylic substitution reactions. The ligands were 

synthesized as air-stable solids in three to five steps from the corresponding hydroxy 

acids. We could successfully substitute several substrates (including symmetrical and 

unsymmetrical disubstituted and monosubstituted linear substrates as well as different 

cyclic substrates with different ring sizes) with many C-, O- and N-nucleophiles (up to 73 

different combinations). These results surpass the best one reported so far, even the 

family of ligands included in Chapter 3.  We have identified three ligands that work well 

with a set of substrates, L14e for the linear disubstituted, L15e for monosubstituted and 

L9e for the cyclic ones. These three ligands, only differs on the substituent on the alkyl 

backbone chain. 

Moreover, the DFT calculations and the NMR study of the Pd-allyl intermediates 

helped us to establish the origin of the enantioselectivity. These studies stablished that 

the ratio of the Pd-allyl intermediates which provide each enantiomer is influenced by 

the ligand parameters and therefore the enantioselectivity is controlled by the relative 

ratio of endo and exo isomers. However, unlike what has been published so far with 

phosphite-N ligands the ligand parameters than governs the ratio of endo and exo 

isomers for linear substrates also includes the oxazoline substituents. Thus, whereas for 

cyclic substrates this ratio is mainly controlled by the configuration of the phosphite 

group for linear substrates the oxazoline substituent also plays a key role.  
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4.4. Experimental part  

 

All reactions were performed with standard Schlenk techniques using argon. 

Commercial chemicals were used as received. Solvents were dried by means of standard 

procedures and stored under inert atmosphere. 1H, 13C{1H}, and 31P{1H} NMR spectra 

were recorded using a Varian Mercury 400 MHz spectrometer. Chemical shifts are 

relative to the signal of SiMe4 (1H and 13C{1H}) or H3PO4 (31P{1H}) as internal standard. 

Racemic substrates S1–S12 and S13–S18, the ligand precursors, phosphorochloridites, 

and ligands (except L9d and L9e) are known compounds and they were synthesized 

following previously reported procedures.7a, 11, 17 

The computational details as well the calculated geometries of this Chapter can be 

found in the electronic supporting information provided with this thesis.  

The corresponding NMR copies of new compounds can be found in the electronic 

supporting information provided.  

The characterization details for compounds 11-51 can be found in experimental part 

of Chapter 3.  

 

4.4.1. Typical methodology for the preparation of phosphite-oxazoline 

ligands 

 

A solution of the desired alcohol-oxazoline (1.0 mmol) and pyridine (0.16 ml, 2.0 

mmol) in toluene (6 ml) was added dropwise at −78 °C to a solution of phosphochloridite 

(1.1 mmol) and pyridine (0.16 ml, 2.0 mmol) in toluene (6 ml). The mixture was left to 

warm to room temperature and stirred overnight at this temperature. The precipitate 

formed was filtered under argon, and the solvent was evaporated under vacuum. The 

residue was purified by flash chromatography (under argon, using neutral alumina and 

dry toluene as eluent system) to afford the corresponding phosphite-oxazoline L9–

L16a,d-e as white solids. 

 

4.4.2. Characterization details for ligands L9d-L9e 

 

L9d. Yield: 398.3 mg (60%). 31P NMR (161.9 MHz, C6D6): δ = 153.9 (s). 1H NMR (400 

MHz, C6D6): δ = 0.52 (s, 9H, CH3, SiMe3), 0.57 (s, 9H, CH3, SiMe3), 1.57 (s, 3H, CH3), 1.74 

(s, 3H, CH3), 3.76 (pt, 1H, CH–O, JH–H = 8.4 Hz), 4.07 (dd, 1H, CH–O, 2JH–H = 10.0 Hz; 3JH–H = 

8.4 Hz), 4.92 (dd, 1H, CH-N, 2JH–H = 10.0 Hz, 3JH–H = 8.4 Hz), 6.82 (m, 2H, CH═), 6.96–7.13 

(m, 7H, CH═), 7.26 (d, 1H, CH═, 3JH–H= 8.4 Hz), 7.27 (d, 1H, CH═, 3JH–H = 8.4 Hz), 7.66 (m, 

2H, CH═), 8.09 (s, 1H, CH═), 8.15 (s, 1H, CH═). 13C (100.6 MHz, C6D6): δ = −0.3 (d, CH3, 

SiMe3, JC–P = 4.5 Hz), 0.4 (CH3, SiMe3), 28.2 (d, CH3, 3JC–P = 3.8 Hz), 28.7 (d, CH3, 3JC–P = 7.7 

Hz), 69.8 (CH-N), 74.9 (CH2–O), 76.2 (d, C, CMe2, 3JC–P= 5.3 Hz), 122.6–152.4 (aromatic 
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carbons), 169.1 (C═N). TOF-MS (ESI+): m/z = 686.2285, calcd for C38H42NNaO4PSi2 [M + 

Na]+: 686.2282. 

L9e. Yield: 331.9 mg (50%); 31P NMR (161.9 MHz, C6D6): δ = 153.6 (s); 1H NMR (400 

MHz, C6D6): δ = 0.53 (s, 9H, CH3, SiMe3), 0.59 (s, 9H, CH3, SiMe3), 1.62 (s, 3H, CH3), 1.77 

(s, 3H, CH3), 3.55 (pt, 1H, CH–O, JH–H = 8.0 Hz), 4.06 (dd, 1H, CH–O, 2JH–H = 10.8 Hz, 3JH–H = 

8.8 Hz), 4.92 (dd, 1H, CH-N, 2JH–H = 10.0 Hz, 3JH–H = 8.0 Hz), 6.81 (m, 2H, CH═), 6.95–7.11 

(m, 7H, CH═), 7.26 (m, 2H, CH═), 7.67 (m, 2H, CH═), 8.11 (s, 1H, CH═), 8.15 (s, 1H, 

CH═). 13C (100.6 MHz, C6D6): δ = −0.3 (d, CH3, SiMe3, JC–P = 4.6 Hz), 0.4 (CH3, SiMe3), 28.0 

(d, CH3, 3JC–P = 3.9 Hz), 28.7 (d, CH3, 3JC–P = 6.9 Hz), 69.5 (CH-N), 74.8 (CH2–O), 75.9 (d, C, 

CMe2, 3JC–P = 5.3 Hz), 122.5–152.4 (aromatic carbons), 169.0 (C═N). TOF-MS 

(ESI+): m/z = 686.2280, calcd for C38H42NNaO4PSi2 [M + Na]+: 686.2282. 

 

4.4.3. General methodology for the preparation of [Pd(η3-allyl)(P–

N)]BF4 complexes 90–93 

 

Compound [Pd(μ-Cl)(η3-1,3-allyl)]2 (0.025 mmol) and the corresponding ligand (0.05 

mmol) were dissolved in CD2Cl2 (1.5 ml) at room temperature under argon. After 30 min, 

AgBF4 (9.8 mg, 0.05 mmol) was added, and the mixture was stirred for 30 min. Silver 

salts were then removed by filtration over Celite under argon, and the resulting solutions 

were analyzed by NMR. After the NMR analysis, the [Pd(η3-allyl)(P–N)]BF4 complexes 

were precipitated by adding hexane as pale yellow solids. 

 

4.4.4. Characterization details for [Pd(η3-allyl)(P–N)]BF4 complexes 90–93 

 

[Pd(η3-1,3-cyclohexenyl)(L10e)]BF4 (90) Major isomer (95%): 31P NMR (161.9 MHz, 

CD2Cl2): δ = 143.3 (s). 1H NMR (400 MHz, CD2Cl2): δ = 0.03 (s, 9H, CH3, SiMe3), 0.10 (m, 

1H, CH2), 0.61 (s, 9H, CH3, SiMe3), 0.81 (m, 1H, CH2), 1.0–1.3 (m, 4H, CH2), 4.05 (b, 1H, 

CH═ trans to N), 4.53 (m, 1H, CH2), 5.18 (m, 1H, CH2), 5.33 (m, 1H, CHc═), 5.95 (m, 1H, 

CH-N), 6.09 (m, 1H, CH═ trans to P) 6.36 (d, 1H, CH–OP, JC–P = 26.0 Hz), 7.10 (d, 1H, 

CH═, 3JH–H = 8.8 Hz), 7.11–7.30 (m, 2H, CH═), 7.42–7.60 (m, 14H, CH═), 8.02 (d, 2H, 

CH═, 3JH–H = 8.4 Hz), 8.24 (s, 1H, CH═). 13C (100.6 MHz, CD2Cl2): δ = −0.4 (CH3, SiMe3), 0.0 

(CH3, SiMe3), 19.9 (CH2), 27.0 (b, CH2), 68.5 (d, CH═ trans to N, JC–P = 9.1 Hz), 74.5 (CH–

OP), 76.4 (CH-N), 78.2 (CH2), 104.4 (d, CH═ trans to P, JC–P = 39.5 Hz), 111.6 (d, CHc═ , JC–

P = 10.7 Hz), 122.7–151.0 (aromatic carbons), 169.4 (C═N). Minor isomer (5%): 31P NMR 

(161.9 MHz, CD2Cl2): δ = 139.5 (s). 1H NMR (400 MHz, CD2Cl2): δ = 0.08 (s, 9H, CH3, SiMe3), 

0.10 (m, 1H, CH2), 0.61 (s, 9H, CH3, SiMe3), 0.81 (m, 1H, CH2), 1.0–1.3 (m, 4H, CH2), 3.94 

(b, 1H, CH═ trans to N), 4.53 (m, 1H, CH2), 5.21 (m, 2H, CH2,CHc═), 5.95 (m, 2H, 

CH═ trans to P, CH-N), 6.34 (d, 1H, CH–OP, JC–P = 21.0 Hz), 7.0–8.2 (m, 20H, CH═). 

[Pd(η3-1,3-cyclohexenyl)(L14e)]BF4 (91) only one isomer observed. 31P NMR (161.9 

MHz, CD2Cl2): δ = 143.7 (s). 1H NMR (400 MHz, CD2Cl2): δ= 0.11 (m, 1H, CH2), 0.47 (s, 9H, 

CH3, SiMe3), 0.54 (s, 9H, CH3, SiMe3), 0.68 (m, 1H, CH2), 1.0–1.3 (m, 4H, CH2), 1.89 (d, 1H, 
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CH3, 3JH–H = 6.8 Hz), 4.04 (b, 1H, CH═ trans to N), 4.51 (dd, 1H, CH2, 2JH–H = 9.2 Hz, 3JH–H= 

8 Hz), 5.15 (dd, 1H, CH2, 2JH–H = 9.2 Hz, 3JH–H = 10.8 Hz), 5.33 (m, 1H, CHc═), 5.36 (q, 1H, 

CH, 3JH–H = 6.8 Hz), 5.71 (dd, 1H, CH-N, 3JH–H = 8.0 Hz, 3JH–H = 10.8 Hz), 5.95 (m, 1H, 

CH═ trans to P), 6.99 (d, 1H, CH═, 3JH–H = 8.8 Hz), 7.12 (d, 1H, CH═, 3JH–H = 8.8 Hz), 7.28 

(m, 2H, CH═), 7.41–7.50 (m, 7H, CH═), 8.02 (t, 1H, CH═, 3JH–H = 8.8 Hz), 8.23 (d, 1H, 

CH═, 3JH–H = 7.2 Hz). 13C (100.6 MHz, CD2Cl2): δ = −0.1 (CH3, SiMe3), 0.0 (CH3, SiMe3), 19.5 

(CH2), 22.9 (d, CH3, JC–P = 4.5 Hz), 27.1 (b, CH2), 67.9 (d, CH= trans to N, JC–P= 9.2 Hz), 71.6 

(CH–OP), 74.3 (CH-N), 78.2 (CH2), 104.0 (d, CH═ trans to P, JC–P = 40 Hz), 111.7 (d, 

CHc═, JC–P = 10.7 Hz), 121.0–151.0 (aromatic carbons), 171.8 (C═N).  

[Pd(η3-1,3-diphenylallyl)(L10e)]BF4 (92) Major isomer (75%): 31P NMR (161.9 MHz, 

CD2Cl2): δ = 139.5 (s). 1H NMR (400 MHz, CD2Cl2): δ = 0.30 (s, 9H, CH3, SiMe3), 0.54 (s, 9H, 

CH3, SiMe3), 4.38 (m, 1H, CH2), 4.47 (m, 1H, CH═ trans to N), 5.01 (m, 2H, CH2, CH-N), 

5.96 (m, 1H, CHc═), 6.15 (m, 2H, CH–O, CH═ trans to P), 7.10–8.21 (m, 30H, CH═). 13C 

(100.6 MHz, CD2Cl2): δ = −0.1 (CH3, SiMe3), 0.6 (CH3, SiMe3), 67.7 (CH-N), 67.9 (d, 

CH═ trans to N, JC–P = 10.7 Hz), 76.3 (CH–OP), 78.0 (CH2), 108.1 (d, CH═ trans to P, JC–P═ 

29.8 Hz), 112.6 (d, CHc═, JC–P = 9.9 Hz), 120.0–150.0 (aromatic carbons), 169.5 (C═N). 

Minor isomer (25%): 31P NMR (161.9 MHz, CD2Cl2): δ = 140.2 (s). 1H NMR (400 MHz, 

CD2Cl2): δ = 0.20 (s, 9H, CH3, SiMe3), 0.39 (s, 9H, CH3, SiMe3), 4.35 (m, 1H, CH2), 4.74 (m, 

1H, CH-N), 5.01 (m, 1H, CH2), 5.23 (m, 1H, CH═ trans to N), 5.27 (m, 1H, CH═ trans to P), 

5.60 (m, 1H, CHc═), 6.15 (m, 1H, CH–OP), 7.1–8.2 (m, 25H, CH═). 13C (100.6 MHz, CD2Cl2): 

δ = −0.5 (CH3, SiMe3), −0.2 (CH3, SiMe3), 68.9 (CH-N), 74.1 (d, CH═ trans to N, JC–P = 10.7 

Hz), 75.9 (CH–OP), 77.6 (CH2), 95.9 (d, CH═ trans to P, JC–P = 42 Hz), 109.2 (d, CHc═, JC–P = 

13.0 Hz), 120.0–150.0 (aromatic carbons), 170.2 (C═N). 

[Pd(η3-1,3-diphenylallyl)(L14e)]BF4 (93) Major isomer (91%): 31P NMR (161.9 MHz, 

CD2Cl2): δ ═ 140.3 (s). 1H NMR (400 MHz, CD2Cl2): δ = 0.46 (s, 9H, CH3, SiMe3), 0.74 (s, 

9H, CH3, SiMe3), 1.96 (d, 3H, CH3, 3JH–H = 6.8 Hz), 4.33 (dd, 1H, CH2, 2JH–H = 8.8 Hz, 3JH–H = 

4.8 Hz), 4.51 (m, 1H, CH═ trans to N), 4.88 (m, 1H, CH-N), 5.00 (m, 1H, CH2), 5.12 (m, 1H, 

CH–OP), 6.02 (m, 2H, CHc═, CH═ trans to P), 6.3–8.4 (m, 25H, CH═). 13C (100.6 MHz, 

CD2Cl2): δ = −0.1 (CH3, SiMe3), 0.8 (CH3, SiMe3), 22.6 (b, CH3), 67.3 (CH-N), 68.3 (d, 

CH═ trans to N, JC–P = 9.9 Hz), 71.5 (CH–OP), 78.2 (CH2), 106.8 (d, CH═ trans to P, JC–P = 

30.4 Hz), 112.2 (d, CHc═, JC–P = 9.8 Hz), 121.0–150.0 (aromatic carbons), 172.1 (C═N). 

Minor isomer (9%): 31P NMR (161.9 MHz, CD2Cl2): δ = 142.9 (s). 1H NMR (400 MHz, 

CD2Cl2): δ = 0.41 (s, 9H, CH3, SiMe3), 0.62 (s, 9H, CH3, SiMe3), 1.75 (d, 3H, CH3, 3JH–H = 6.8 

Hz), 4.39 (dd, 1H, CH2, 2JH–H = 8.8 Hz, 3JH–H = 4.4 Hz), 4.53 (m, 1H, CH═ trans to N), 4.71 

(m, 1H, CH2), 4.88 (m, 1H, CH-N), 5.12 (m, 1H, CH–OP), 5.98 (m, 1H, CH═ trans to P), 6.09 

(m, 1H, CHc═), 6.3–8.4 (m, 25H, CH═). 13C (100.6 MHz, CD2Cl2): δ = 0.1 (CH3, SiMe3), 0.3 

(CH3, SiMe3), 22.4 (b, CH3), 68.1 (CH-N), 68.4 (d, CH═ trans to N, JC–P = 9.2 Hz), 70.9 (CH–

OP), 78.0 (CH2), 98.8 (d, CH═ trans to P, JC–P = 32.4 Hz), 112.7 (d, CHc═, JC–P = 9.2 Hz), 

121.0–150.0 (aromatic carbons), 172.3 (C═N). 
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4.4.5. Typical methodology for the allylic alkylation of linear (S1, S3–S9, S12–

S18) and cyclic (S2, S10, and S11) substrates 

 

A solution of the desired phosphite-oxazoline ligand (0.011 mmol) and [PdCl(η3-

C3H5)]2 (1.8 mg, 0.005 mmol) in CH2Cl2 (0.5 ml) was stirred. After 30 min a solution of 

substrate (1 mmol) in CH2Cl2 (1.5 ml), nucleophile (3 mmol), N,O-bis(trimethylsilyl)-

acetamide (730 μL, 3 mmol), and KOAc (3 mg, 0.03 mmol) were subsequently added. 

After the desired reaction time the reaction mixture was diluted with Et2O (5 ml). 

Saturated NH4Cl (aq) (25 ml) was then added, the mixture was extracted with Et2O (3 × 

10 ml), and the extract was dried over MgSO4.  

 

4.4.6. Typical methodology for the allylic amination of S1 and S2 

 

A solution of the desired phosphite-oxazoline ligand (0.011 mmol) and [PdCl(η3-

C3H5)]2 (1.8 mg, 0.005 mmol) in CH2Cl2 (0.5 ml) was stirred. After 30 min, a solution of 

substrate (1 mmol) in CH2Cl2 (1.5 ml) and the corresponding amine (3 mmol) were 

subsequently added. After the desired reaction time, the reaction mixture was diluted 

with Et2O (5 ml). Saturated NH4Cl (aq) (25 ml) was then added, the mixture was extracted 

with Et2O (3 × 10 ml), and the extract was dried over MgSO4. 

 

4.2.6. Typical methodology for the allylic etherification and silylation of  S1 

 

A solution of the desired phosphite-oxazoline ligand (0.011 mmol) and [PdCl(η3-

C3H5)]2 (1.8 mg, 0.005 mmol) in CH2Cl2 (0.5 ml) was stirred. After 30 min, a solution 

of S1 (31.5 mg, 0.125 mmol) in CH2Cl2 (1.5 ml) was added. After 10 min, Cs2CO3 (122 mg, 

0.375 mmol) and the corresponding alkyl alcohol or silanol (0.375 mmol) were added. 

After the desired reaction time, the reaction mixture was diluted with Et2O (5 ml). 

Saturated NH4Cl (aq) (25 ml) was then added, the mixture was extracted with Et2O (3 × 

10 ml), and the extract was dried over MgSO4. 

 

4.2.7.  Characterization details for compounds 59-89 

 

2-(1,3-Diphenylallyl)-4-ethyl-3,5-dimethyl-1λ2-pyrrole (59).18  Enantiometic excess 

determined by HPLC using Chiralpak AD-H column (99,5% hexane/2-propanol, flow 0.7 

ml/min, λ= 254 nm) tR 17.8 min; tR 19.7 min. 1H NMR (CDCl3) δ: 1.96 (s, 3H, CH3), 2.16 (s, 

3H, CH3),  4.94 (d, 1H, CH=, J= 6.8 Hz), 5.73 (m, 1H, CH=), 6.31 (d, 1H, CH=, J= 15.6 Hz), 

6.56 (dd, 1H, CH=, J= 15.6 Hz, J= 6.8 Hz),  7.37−7.18 (m, 11H, CH=). 

2-(1,3-Diphenylallyl)-1λ2-pyrrole (60). 18 Enantiometic excess determined by HPLC 

using Chiralpak AD-H column (95% hexane/2-propanol, flow 1 ml/min, λ= 254 nm) tR 
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49.4 min (R); tR 69.0 min (S). 1H NMR (CDCl3) δ: 4.87 (d, 1H, CH=, J= 7.6 Hz), 5.97 (s, 1H, 

CH=), 6.16 (d, 1H, CH=, J= 2.6 Hz), 6.43 (d, 1H, CH=, J= 15.8 Hz), 6.59 (dd, 1H, CH=, J= 15.8 

Hz, J= 7.6 Hz), 6.72 (s, 1H), 7.2-7.9 (m, 11H, CH=). 

1,3-Diphenyl-N-(prop-2-yn-1-yl)prop-2-en-1-amine (61).19 Enantiomeric excess 

determined by HPLC using Chiralcel AD-H column (95% hexane/2-propanol, flow 0.5 

ml/min). tR 19.6 min (R); tR 21.9 min (S). 1H NMR (CDCl3), : 2.28 (t, 1H, CH, J= 2.3 Hz), 

3.43 (pdq, 2H, CH2, J= 17.2 Hz, J= 2.3 Hz), 4.64 (d, 1H, CH, J= 7.7 Hz), 6.29 (dd, 1H, CH=, 

J= 15.8 Hz, J= 7.7 Hz), 6.67 (d, 1H, CH=, J= 15.8 Hz), 7.30 (m, 10H, CH=).  

N-Isopropyl-1,3-diphenylprop-2-en-1-amine (62).20 Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (99% hexane/2-propanol, flow 0.5 

ml/min). tR 22.4 min (R); tR 26.2 min (S). 1H NMR (CDCl3), : 1.07 (d, 3H, CH3, J= 6.3 Hz), 

1.10 (d, 3H, CH3, J= 6.3 Hz), 1.61 (bs, 1H, NH), 2.81 (pt, 1H, CH, J= 6.3 Hz), 4.49 (d, 1H, 

CH, J= 7.4 Hz), 6.30 (dd, 1H, CH=, J= 16 Hz, J= 7.4 Hz), 6.52 (d, 1H, CH=, J= 16 Hz), 7.16-

7.22 (m, 1H, CH=), 7.24-7.30 (m, 3H, CH=), 7.31-7.41 (m, 6H, CH=). 

N-benzhydryl-1,3-diphenylprop-2-en-1-amine (63).20 Enantiomeric excess 

determined by HPLC using Chiralcel AD-H column (99% hexane/2-propanol, flow 0.5 

ml/min). tR 12.1 min (S); tR 14.5 min (R). 1H NMR (CDCl3), : 4.30 (d, 1H, CH, J= 7.2 Hz), 

4.89 (s, 1H, CH), 6.31 (dd, 1H, CH=, J= 15.8 Hz, J= 7.2 Hz), 6.51 (d, 1H, CH=, J= 15.8 Hz), 

7.30 (m, 20H, CH=). 

1-(1,3-Diphenylallyl)pyrrolidine (64).20  Enantiomeric excess determined by HPLC 

using Chiralcel OD-H column (99% hexane/2-propanol, flow 1 ml/min). tR 4.4 min (S); tR 

4.9 min (R). 1H NMR (CDCl3), : 1.80 (m, 4H, CH2), 2.40 (m, 4H, CH2), 3.76 (d, 1H, CH, J= 

8.5 Hz), 6.42 (dd, 1H, CH=, J= 15.6 Hz, J= 8.5 Hz), 6.59 (d, 1H, CH=, J= 15.6 Hz), 7.25 (m, 

8H, CH=), 7.42 (m, 2H, CH=). 

N-(1,3-Diphenylallyl)-4-methylbenzenesulfonamide (65).21 Enantiomeric excess 

determined by HPLC using Chiralcel OD-H column (90% hexane/2-propanol, flow 0.5 

ml/min). tR 35.9 min (R); tR 47.5 min (S). 1H NMR (CDCl3), : 2.32 (s, 3H, CH3), 5.11 (td, 1H, 

CH, J= 7.3 Hz, J= 1.2 Hz), 5.21 (d, 1H, CH, J= 7.3 Hz), 6.08 (dd, 1H, CH=, J= 15.8 Hz, J= 6.8 

Hz), 6.34 (dd, 1H, CH=, J= 15.8 Hz, J= 1.2 Hz), 7.20 (m, 12H, CH=), 7.65 (m, 2H, CH=). 

N-(1,3-Diphenylallyl)aniline (66).19 Enantiomeric excess determined by HPLC using 

Chiralcel AD-H column (95% hexane/2-propanol, flow 1 ml/min). tR 9.5 min (R); tR 12.0 

min (S). 1H NMR (CDCl3), : 5.14 (d, 1H, CH, J= 6.1 Hz), 6.45 (dd, 1H, CH, J= 15.9 Hz, J= 6.1 

Hz), 6.69 (m, 3H, CH), 6.76 (tt, 1H, CH=, J= 7.5 Hz, J= 1.1 Hz), 7.20 (m, 2H, CH=), 7.27 (m, 

1H, CH=), 7.34 (m, 3H, CH=), 7.41 (m, 4H, CH=), 7.48 (m, 2H, CH=). 

(3-Butoxyprop-1-ene-1,3-diyl)dibenzene (67).22 Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (99.5% hexane/2-propanol, flow 0.5 ml/min). tR 17.5 

min (S); tR 22.1 min (R). 1H NMR (CDCl3), δ: 0.91 (t, 3H, CH3, J= 7.5 Hz), 1.41 (m, 2H, CH2), 

1.68–1.58 (m, 2H, CH2), 3.42 (td, 1H, CH2, J= 9.5 Hz, J= 6.5 Hz), 3.52 (td, 1H, CH2, J= 9.0 

Hz, J= 7.0 Hz), 4.88 (d, 1H, CH, J= 7.0 Hz), 6.27 (dd, 1H, CH=, J= 16.0 Hz, J= 7.0 Hz), 6.60 

(d, 1H, CH=, J= 16 Hz), 7.2-7.4 (m, 10H, CH=). 

Diethyl 2-(but-3-en-1-yl)-2-(1,3-di-p-tolylallyl)malonate (68).13h Enantiomeric 

excess determined by HPLC using Chiralcel IA column (98% hexane/2-propanol, flow 0.2 
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ml/min, λ = 254 nm). tR 39.9 min (S); tR 46.6 min (R). 1H NMR (CDCl3), δ: 1.37 (t, 3H, CH3, 

J= 7.2 Hz), 1.43 (t, 3H, CH3, J= 7.2 Hz), 1.94 (m, 1H, CH2), 2.09 (m, 2H, CH2), 2.25 (m, 1H, 

CH2), 2.46 (s, 6H, CH3), 4.32 (m, 5H, CH, CH2), 5.06 (m, 1H, CH2=), 5.18 (m, 1H, CH2=), 5.86 

(m, 1H, CH=), 6.49 (d, 1H, CH=, J= 12 Hz), 6.86 (dd, 1H, CH=, J= 12 Hz, J= 9.2 Hz), 7.24 (m, 

6H, CH=), 7.38 (d, 2H, J= 8 Hz). 

Dimethyl 2-(1,3-di-p-tolylallyl)-2-(prop-2-yn-1-yl)malonate (69). Enantiomeric 

excess determined by HPLC using Chiralcel OD-H column (98% hexane/2-propanol, flow 

0.5 ml/min, λ= 254 nm). tR 18.6 min (R); tR 23.4 min (S).  1H NMR (CDCl3), : 2.03 (t, 1H, 

CH, J= 2.6 Hz), 2.23 (s, 6H, 2xCH3), 2.55 (dd, 1H, CH2, J= 17.1 Hz, J= 2.6 Hz), 2.72 (dd, 1H, 

CH2, J= 17.1 Hz, J= 2.6 Hz), 3.63 (s, 3H, CH3), 3.69 (s, 3H, CH3), 4.30 (d, 1H, CH, J= 8.5 Hz), 

6.33 (d, 1H, CH=, J= 15.7 Hz), 6.62 (dd, 1H, CH=, J= 15.7 Hz, J= 8.5 Hz), 7.02 (m, 6H, CH=), 

7.16 (m, 2H, CH=). 13C NMR (CDCl3), : 21.1 (CH3), 21.2 (CH3), 24.5 (CH2), 51.7 (CH), 52.5 

(CH3), 52.6 (CH3), 61.8 (C), 71.9 (CH), 79.5 (C), 126.3 (CH=), 127.8 (CH=), 129.1 (CH=), 

129.1 (CH=), 129.1 (CH=), 132.2 (CH=), 134.7 (C=), 135.7 (C=), 137.0 (C=), 137.1 (C=), 

169.7 (C=O), 169.8 (C=O). 

Dimethyl 2-(1,3-dimethylallyl)malonate (70).23 Enantiomeric excess determined by 

GC using Chiralsil-Dex CB column (90 kPa H2, Isotherm at 65 ºC). tR 38.6 min (R); tR 39.5 

min (S). 1H NMR (CDCl3), δ: 1.03 (d, 3H, CH3, J= 6.4 Hz), 1.62 (d, 3H, CH3, J= 6.4 Hz), 2.88 

(m, 1H, CH), 3.25 (d, 1H, CH3, J= 9 Hz), 3.68 (s, 3H, CH3), 3.71 (s, 3H, CH3), 5.31 (dd, 1H, 

CH=, J= 15.2 Hz, J= 8 Hz), 5.50 (m, 1H, CH=). 

Dimethyl 2-(pent-3-en-2-yl)-2-(prop-2-yn-1-yl)malonate (71).24 Enantiomeric 

excess determined by HPLC using Chiralcel IC column (98% hexane/2-propanol, flow 0.5 

ml/min, λ= 254 nm). tR 13.5 min (S); tR 15.1 min (R). 1H NMR (CDCl3), δ: 1.09 (d, 3H, CH3, 

J= 6.4 Hz), 1.62 (d, 3H, CH3, J= 6.4 Hz), 1.98 (m, 1H, CH), 2.74 (m, 2H, CH2), 2.98 (m, 1H, 

CH), 3.70 (m, 3H, CH3), 3.72 (m, 3H, CH3), 5.25 (m, 1H, CH=), 5.53 (m, 1H, CH=). 

Dimethyl 2-(4,4,4-trifluoro-1-phenylbut-2-en-1-yl)malonate (72).23 Enantiomeric 

excess determined by HPLC using Lux-amylose-1 column (95% hexane/2-propanol, flow 

1 ml/min, λ= 254 nm). tR 10.6 min (R); tR 12.1 min (S). 1H NMR (CDCl3), : 3.52 (s, 3H, 

OMe), 3.75 (s, 3H, OMe), 3.89 (d, 1H, CH, J= 10.7 Hz), 4.21 (pt, 1H, CH, J= 9.5 Hz), 5.67 

(m, 1H, CH=), 6.56 (m, 1H, CH=), 7.21 (m, 5H, CH=).  

Dibenzyl 2-(4,4,4-trifluoro-1-phenylbut-2-en-1-yl)malonate (73).13h Enantiomeric 

excess determined by HPLC using Lux-amylose-1 column (95% hexane/2-propanol, flow 

1 ml/min, λ= 254 nm). tR 15.7 min (R); tR 18.6 min (S). 1H NMR (CDCl3), : 3.87 (m, 1H, 

CH), 4.20 (m, 1H, CH), 4.82 (m, 2H, CH2), 5.05 (m, 2H, CH2), 5.52 (m, 1H, CH=), 6.45 (m, 

1H, CH=), 6.96 (m, 2H, CH=), 7.08 (m, 2H, CH=), 7.22 (m, 11H, CH=).  

Dimethyl 2-methyl-2-(4,4,4-trifluoro-1-phenylbut-2-en-1-yl)malonate (74).13h 

Enantiomeric excess determined by HPLC using Lux-amylose-1 column (95% hexane/2-

propanol, flow 1 ml/min, λ= 254 nm). tR 9.0 min (S); tR 9.5 min (R). 1H NMR (CDCl3), : 

1.34 (s, 3H, CH3), 3.58 (s, 3H, OMe), 3.67 (s, 3H, OMe), 4.11 (dt, 1H, CH, J= 7.9 Hz, J= 1.4 

Hz), 5.53 (dqd, 1H, CH=, J= 15.7 Hz, J= 6.3 Hz, J = 1.4 Hz), 6.81 (ddq, 1H, CH=, J = 15.7 Hz, 

J= 7.9 Hz, J= 2.1 Hz), 7.10 (m, 2H, CH=), 7.26 (m, 3H, CH=). 
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Dimethyl 2-allyl-2-(4,4,4-trifluoro-1-phenylbut-2-en-1-yl)malonate (75). 

Enantiomeric excess determined by HPLC using Lux-amylose-1 column (95% hexane/2-

propanol, flow 1 ml/min, λ= 254 nm). tR 8.1 min (S); tR 8.8 min (R). 1H NMR (CDCl3), : 

2.27 (dd, 1H, CH2, J= 14.3 Hz, J= 8.1 Hz), 2.50 (dd, 1H, CH2, J= 14.3 Hz, J= 6.5 Hz), 3.64 (s, 

3H, OMe), 3.70 (s, 3H, OMe), 4.05 (dt, 1H, CH=, J= 6.9 Hz, J= 2.1 Hz), 4.95 (m, 2H, CH2=), 

5.37 (dqd, 1H, CH=, J= 15.8 Hz, J= 6.4 Hz, J= 1.6 Hz), 5.63 (dddd, 1H, CH=,  J= 16.8 Hz, J= 

10.2 Hz, J= 8.1 Hz, J= 6.5 Hz), 6.86 (ddq, 1H, CH=, J= 15.8 Hz, J= 6.4 Hz, J= 2.0 Hz), 7.96 

(m, 2H, CH=), 7.23 (m, 3H, CH=). 13C NMR (CDCl3), : 38.9 (CH2), 51.5 (CH), 52.3 (OMe), 

52.5 (OMe), 62.2 (C), 119.3 (CH2=), 119.9 (CH=), 128.1 (CH=), 128.8 (CH=), 129.3 (CH=), 

132.4 (CH=), 140.4 (m, CH=), 170.1 (C=O), 170.3 (C=O).  

Dimethyl 2-(prop-2-yn-1-yl)-2-(4,4,4-trifluoro-1-phenylbut-2-en-1-yl)malonate 

(76). Enantiomeric excess determined by HPLC using Chiralcel OJ-H column (87% 

hexane/2-propanol, flow 0.5 ml/min, λ= 254 nm). tR 9.6 min (R); tR 10.0 min (S). 1H NMR 

(CDCl3), : 2.08 (t, 1H, CH, J= 2.7 Hz), 2.41 (dd, 1H, CH2, J= 17.3 Hz, J=  2.7 Hz), 2.71 (dd, 

1H, CH2, J= 17.3 Hz, J= 2.7 Hz), 3.70 (s, 3H, OMe), 3.73 (s, 3H, OMe), 4.36 (m, 1H, CH), 

5.46 (m, 1H, CH=), 6.97 (m, 1H, CH=), 7.10 (m, 2H, CH=), 7.28 (m, 3H, CH=). 13C NMR 

(CDCl3), : 24.2 (CH2), 49.8 (CH), 52.7 (OMe), 53.0 (OMe), 60.7 (C), 72.83 (C), 78.5 (C), 

120.4 (q, CH=, J= 33.5 Hz), 128.2 (CH), 128.8 (CH), 129.3 (C), 136.2 (C), 169.2 (C=O), 169.2 

(C=O).  

N-Benzylcyclohexanamine (77).21 Enantiomeric excess determined by HPLC using 

Chiralpak OJ-H column (98% hexane/2-propanol, flow 0.5 ml/min, = 226 nm). tR 14.0 

min (S); tR 15.5 min (R). 1H NMR (CDCl3), δ: 1.31 (b, 1H, NH), 1.52 (m, 2H, CH2), 1.74 (m, 

1H, CH2), 1.96 (m, 3H, CH2), 3.22 (m, 1H, CH), 3.85 (m, 2H, CH2), 5.75 (m, 2H, CH=), 7.12-

7.43 (m, 5H, CH=). 

 N-(4-Methoxybenzyl)cyclohexanamine (78). Enantiomeric excess determined by 

HPLC using Chiralpak OJ-H column (98% hexane/2-propanol, flow 0.5 ml/min, = 226 

nm). tR 14.5 min (S); tR 15.5 min (R). 1H NMR (CDCl3), : 1.50 (m, 2H, CH2), 1.75 (m, 1H, 

CH2), 1.93 (m, 3H, CH2), 3.20 (m, 1H, CH), 3.77 (m, 5H, CH2, OMe), 5.75 (m, 2H, CH=), 6.85 

(m, 2H, CH=), 7.27 (m, 2H, CH=). 13C NMR (CDCl3), : 20.3 (CH2), 25.3 (CH2), 29.5 (CH2), 

50.4 (CH2), 52.3 (CH), 55.3 (CH3), 113.7 (CH=), 128.9 (CH=), 129.3 (CH=), 129.9 (CH=), 

132.8 (C=), 158.6 (C=). 

N-(4-(Trifluoromethyl)benzyl)cyclohexanamine (79). Enantiomeric excess 

determined by HPLC using Chiralpak OD-H column (98% hexane/2-propanol, flow 0.5 

ml/min, = 226 nm). tR 8.4 min (R); tR 8.9 min (S). 1H NMR (CDCl3), : 1.53 (m, 2H, CH2), 

1.75 (m, 1H, CH2), 1.96 (m, 3H, CH2), 3.18 (m, 1H, CH), 3.91 (m, 2H, ArCH2), 5.75 (m, 2H, 

CH=), 7.47 (m, 2H, CH=), 7.57 (m, 2H, CH=). 13C NMR (CDCl3), : 20.1 (CH2), 25.3 (CH2), 

29.4 (CH2), 50.4 (CH2), 52.4 (CH), 125.2 (q, CH=, J= 3.8 Hz), 128.3 (CH=), 129.3 (C=), 129.6 

(CH=), 145.0 (C=). 

Dimethyl 2-(1-(naphthalen-1-yl)allyl)malonate (80a).25 Enantiomeric excess 

determined by HPLC using Chiralpak OJ-H column (87% hexane/2-propanol, flow 0.7 

ml/min, λ= 220 nm). tR 20.1 min (S); tR 28.9 min (R). 1H NMR (CDCl3), δ: 3.38 (s, 3H, CH3), 
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3.79 (s, 3H, CH3), 4.15 (d, 1H, CH, J= 10 Hz), 5.03 (dd, 1H, CH, J= 10 Hz, J= 8.4 Hz), 5.09 (d, 

1H, CH=, J= 10 Hz), 5.16 (m, 1H, CH=), 6.08 (m, 1H, CH=), 7.3-8.2 (m, 7H, CH=). 

Dimethyl 2-(1-phenylallyl)malonate (81).27 Enantiomeric excess determined by 

HPLC using Chiralpak OJ-H column (87% hexane/2-propanol, flow 0.7 ml/min, λ= 220 

nm). tR 23.2 min (S); tR 25.0 min (R). 1H NMR (CDCl3), δ: 3.39 (m, 3H), 3.65 (m, 3H), 3.79 

(d, 1H, CH, J= 10.8 Hz), 4.03 (dd, 1H, CH=, J= 10.8 Hz, J= 8.4 Hz), 5.01 (d, 1H, CH=, J= 10 

Hz), 5.04 (d, 1H, CH=, J= 16.8 Hz), 5.92 (m, 1H, CH=), 7.1-7.3 (m, 5H, CH=). 

Dimethyl 2-(1-(p-tolyl)allyl)malonate (82).26 Enantiomeric excess determined by 

HPLC using Chiralpak OD-H column (90% hexane/2-propanol, flow 0.7 ml/min, λ= 220 

nm). tR 10.8 min (R); tR 12.0 min (S). 1H NMR (CDCl3), δ: 2.30 (s, 3 H), 3.51 (s, 3H), 3.73 (s, 

3H), 4.07 (dd, 1H, J= 10.9 Hz, J= 8.2 Hz), 5.07 (d, 1H, J= 9.4 Hz), 5.11 (d, 1H, J= 17.0 Hz), 

5.98 (ddd, 1H, J= 17.1 Hz, J= 9.4 Hz, J= 8.2 Hz), 7.10 (s, 4H). 

Dimethyl 2-(1-(4-methoxyphenyl)allyl)malonate (83).27 Enantiomeric excess 

determined by HPLC using Chiralpak OD-H column (90% hexane/2-propanol, flow 0.7 

ml/min, λ= 220 nm). tR 9.4 min (R); tR 10.6 min (S). 1H NMR (CDCl3), δ: 3.50 (s, 3H), 3.73 

(s, 3H), 3.77 (s, 3H), 3.82 (d, 1H, J= 10.9 Hz), 4.06 (dd, 1H, J= 10.9 Hz, J= 8.3 Hz), 5.06 (d, 

1H, J= 8.6 Hz), 5.09 (d, 1H, J= 15.4 Hz), 5.97 (ddd, 1H, J= 17.1 Hz, J= 10.1 Hz, J= 7.8 Hz), 

6.85 (d, 2H, J= 8.6 Hz), 7.14 (d, 2H, J= 8.6 Hz). 

Dimethyl 2-(1-(4-(trifluoromethyl)phenyl)allyl)malonate (84).28  Enantiomeric 

excess determined by HPLC using Chiralpak OD-H column (99.5% hexane/2-propanol, 

flow 0.5 ml/min, λ= 220 nm). tR 34.5 min (R); tR 35.4 min (S). 1H NMR (CDCl3), δ: 3.53 (s, 

3H), 3.76 (s, 3H), 3.90 (d, 1H, J= 11.1 Hz), 4.19 (dd, 1H, J= 10.9 Hz, J= 8.6 Hz), 5.12 (s, 1H), 

5.16 (d, 1H, J= 7.6 Hz), 5.97 (ddd, 1H, J= 16.9 Hz, J= 10.1 Hz, J= 8.1 Hz), 7.36 (d, 2H, J= 8.3 

Hz), 7.57 (d, 2H, J= 8.1 Hz). 

Dimethyl 2-(1-(3-methoxyphenyl)allyl)malonate (85).28  Enantiomeric excess 

determined by HPLC using Chiralpak OD-H column (99% hexane/2-propanol, flow 0.7 

ml/min, λ= 220 nm). tR 17.8 min (R); tR 20.4 min (S). 1H NMR (CDCl3), : 3.49 (s, 3H), 3.72 

(s, 3H), 3.85 (s, 3H), 4.18 (d, 1H, J= 10.6 Hz), 4.33 (dd, 1H, J= 10.6 Hz, J= 8.6 Hz), 5.04 (dd, 

1H, J= 10.1 Hz, J= 0.8 Hz), 5.12 (dt, 1H, J= 17.2 Hz, J= 1.3 Hz), 6.14 (ddd, 1H, J= 17.0 Hz, 

J= 10.1 Hz, J= 8.6 Hz), 6.89 (m, 2H), 7.16 (dd, 1H, J= 7.6 Hz, J= 1.5 Hz), 7.20 (td, 1H, J= 7.6 

Hz, J= 1.8 Hz).  

Dimethyl 2-(1-(naphthalen-2-yl)allyl)malonate (86).28 Enantiomeric excess 

determined by HPLC using Chiralpak OD-H column (97% hexane/2-propanol, flow 0.5 

ml/min, λ= 220 nm). tR 15.98 min (R); tR 17.2 min (S).1H NMR (CDCl3), :  3.77 (s, 3H), 3.46 

(s, 3H),  4.01 (d, 1H, J= 11.1 Hz), 4.30 (dd, 1H, J= 9.6 Hz, J= 8.4 Hz), 5.04 (d, 1H, J= 10.1 

Hz), 5.18 (d, 1H, J= 17.2 Hz), 6.08 (ddd, 1H, J= 17.2 Hz, J= 10.4 Hz, J= 8.1 Hz), 7.37 (dd, 

1H, J= 8.6, J= 1.5 Hz), 7.47- 7.44 (m, 2H), 7.69 (s, 1H), 7.81–7.79 (m, 3H). 

Dimethyl 2-methyl-2-(1-phenylallyl)malonate (87).13g Enantiomeric excess 

determined by HPLC using Chiralpak OJ-H column (87% hexane/2-propanol, flow 0.5 

ml/min, λ= 220 nm). tR 19.3 min (R); tR 22.1 min (S). 1H NMR (CDCl3), : 1.44 (s, 3H, CH3), 

3.62 (s, 3H, OMe), 3.71 (s, 3H, OMe), 4.15 (d, 1H, CH, J= 8.7 Hz), 5.12 (m, 2H, CH=), 6.32 

(ddd, 1H, CH=, J= 16.9 Hz, J= 10.2 Hz, J= 8.7 Hz), 7.18- 7.33 (m, 5H, CH=).  

UNIVERSITAT ROVIRA I VIRGILI 
DEVELOPMENT OF TAILOR-MADE CATALYST LIBRARIES FOR THE CONSTRUCTION 
OF CHIRAL C-X (X= C, N AND O) BONDS. APPLICATION TO THE SYNTHESIS  
OF COMPLEX MOLECULES 
Joan Saltó de la Torre 



Chapter 4 

 

90 

Dimethyl 2-allyl-2-(1-phenylallyl)malonate (88).29 Enantiomeric excess determined 

by HPLC using Chiralpak OJ-H column (87% hexane/2-propanol, flow 0.5 ml/min, λ= 220 

nm). tR 18.0 min (R); tR 20.5 min (S). 1H NMR (CDCl3), : 2.34 (dd, 1H, CH2,  J= 14.1 Hz, J= 

8.2 Hz), 2.52 (ddt, 1H, CH2, J= 14 Hz, J= 6.2 Hz, J= 1.2 Hz), 3.60 (s, 3H, OMe), 3.67 (s, 3H, 

OMe), 3.94 (d, 1H, CH, J= 8.5 Hz), 4.90 – 5.02 (m, 3H, CH=), 5.05 (ddd, 1H, CH=, J= 10.2 

Hz, J= 1.6 Hz, J= 0.8 Hz),  5.73 (m, 1H, CH=), 6.32 (ddd, 1H, CH=, J= 17 Hz, J= 10.2 Hz, J= 

8.5 Hz), 7.08 (m, 2H, CH=), 7.20 (m, 3H, CH=).  

Dimethyl 2-(1-phenylallyl)-2-(prop-2-yn-1-yl)malonate (89).30 Enantiomeric excess 

determined by HPLC using Chiralpak OJ-H column (87% hexane/2-propanol, flow 0.5 

ml/min, λ= 220 nm). tR 12.8 min (R); tR 14.6 min (S). 1H-NMR (CDCl3), :  2.09 (t, 1H, CH, 

J= 2.6 Hz), 2.55 (dd, 1H, CH2, J = 17.1 Hz, J= 2.6 Hz), 2.75 (dd, 1H, CH2, J= 17.1 Hz, J= 2.6 

Hz) , 3.72 (s, 3H, OMe), 3.76 (s, 3H, OMe), 4.25 (d, 1H, CH, J= 8.2 Hz), 5.15 (m, 2H, CH=),  

6.42 (ddd, 1H, CH=, J= 17.2 Hz, J= 10 Hz, J= 8.2 Hz), 7.25 (m, 5H, CH=). 

 

4.4.7. Computational details  

 

All calculations were performed using the Gaussian 09 program.31 Optimizations of 

minima and transition states were performed employing the B3LYP32 density functional 

and the 6-31G(d) basis set for all elements except for Pd for which LANL2DZ33  was 

used.34 All energies presented correspond to single point calculations with the B3LYP-D3 

functional35  and the larger 6-311+G(d,p)36  basis set for all elements except Pd. Solvation 

was taken into account along optimization and single points through the use of the PCM 

continuum model with the default parameters for dichloromethane.37  The complexes 

were treated with charge +1 and in the singlet state. No symmetry constraints were 

applied. The energies were further refined by performing single point calculations using 

the above-mentioned parameters, with the exception that the 6-311+G** basis set was 

used for all elements except palladium for which SDD basis set was employed. All 

energies reported are Gibbs free energies in solution at 298.15 K and calculated as 

ΔGreported = ΔGB3LYP/6-31G(d) + (ΔEB3LYP-D3/6-311+G(d,p) – ΔEB3LYP/6-31G(d)).  
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5.1. Introduction 

 

The sustainable production has become essentially in our society. The reduction of 

waste or the efficient use of energy are nowadays a must for industrial processes. In the 

production of enantiopure compounds, asymmetric catalysis plays an important role 

since with the proper chose of the catalytic system high conversions and excellent 

enantioselectivities can be obtained.1 Moreover, their production is growing and the 

searching for more selective, less expensive, and environmentally friendly processes is 

today a top research topic. In this regard, enantioselective Pd-catalyzed allylic 

substitution has become an important strategy for several reasons. First, the 

enantioselectivities obtained can be excellent with a carefully choice of the ligand. 

Second, this reaction allows the formation of C-C, C-N and C-O bonds. Third, it has high 

group tolerance. And finally, the reaction conditions are usually mild. For this reason, its 

application in synthetic chemistry has grown exponentially.2 Nevertheless, some of the 

alkylated products used in Pd-catalyzed asymmetric allylic substitution such as 

propargylated and alkene-containing products 16-19, 30, 38, 46, 47, 50 or 52 (vide supra) 

remain in the research studies without any further derivatization. For this reason, we 

decided to give more value to the alkylated products obtained (from the previous 

Chapters 3 and 4) by performing several derivatizations with the aim to attain 

(poly)carbocyclic and heterocyclic compounds.  In this Chapter, we present our efforts 

towards the synthesis of (poly)carbocyclic and heterocyclic compounds by combining in 

a sequential manner the enantioselective allylic substitution with either Grubbs 

metathesis or metal-catalyzed cycloisomerizations or Pauson-Khand reactions (Scheme 

2.3.1). By following this strategy, a range of (poly)carbocyclic and heterocyclic 

compounds have been prepared in a straightforward manner. Among them all, we 

should highlight the high efficiency attained in the synthesis of highly functionalized bi- 

and tricyclic compounds with multiple stereogenic center. 

 

 
Scheme 5.1. Derivatization of Pd-AAS products to more valuable chiral molecules. 

 

5.2. Results and discussion 
 

5.2.1. Preparation of chiral carbo- and heterocycles via ring closing metathesis 

 

We first studied the use of alkene-containing substitution products obtained in 

Chapter 3 from the benchmark substrate S1 and its derivatives for the synthesis of chiral 
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carbo- and heterocycles via Grubbs metathesis (Table 5.1). Grubbs metathesis involves 

the exchange of substituents between two different double bonds. The alkenes 

involving this reaction can be either from two different molecules (intermolecular) or 

being in the same molecule (intramolecular). In the case of an intramolecular reaction 

(ring closing metathesis), which have been extensively used in organic synthesis, it leads 

to the cyclization.3 In this regard, we thought to use a sequential enantioselective allylic 

substitution/ring closing metathesis for the formation of chiral functionalized carbo- and 

heterocyclic compounds.  
 

Table 5.1. 0BSynthesis of chiral functionalized carbo- and heterocyclic compounds 90-95.a 

 

Entry Substitution product Cyclic product % Yieldb % eec 

1 

  

85 98 (S) 

2 

  

83 97 (S) 

3 

 
 

80 97 (S) 

4 

  

77 95 (S) 

5 

  

73 96 (S) 

6d 

  

65 96 (S) 

a Grubbs II (5 mol %), substitution product (1 equiv), dichloromethane, at rt for 16 h. b After two 
consecutive steps. c Determined by HPLC or GC. d 30b was obtained in quantitative yields after Boc 
protection of the corresponding chiral allylamine 30. 

 
 

Following this approach, the ring closing metathesis of alkylated products 16-18 and 

38, containing vinyl, butenyl and pentenyl groups and prepared using Pd/L8b catalytic 

system, led to the efficient synthesis of 5-, 6- and 7-membered ring carbocycles 90-93 in 

high yields and with complete transfer of the chiral information from the starting 

materials (Table 5.1, entries 1-4, ee’s up to 98%). 
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The ring closing metathesis reaction was also attempted using the chiral allyl ether 

35 yielding with high enantiomeric excess the heterocyclic chiral ether 94 (entry 5, 96% 

ee). Finally, we attempted the cyclization of allyl amine 30. Unfortunately, compound 30 

did not undergo the ring closing metathesis reaction, probably owing to the azophilicity 

of ruthenium. To overcome this, we decided to use the tert-butyl carbamate analog 30b, 

which led to the formation of the expected N-heterocyclic compound 95 in good yield 

and with excellent ee (entry 6, 96% ee).  

 

5.2.2.  Preparation of bi- and tricyclic compounds via metal catalyzed 

cycloisomerization reactions 

 

Initially, we focused on the synthesis of chiral bicyclic compounds with multiple 

stereogenic centers via a sequential enantioselective allylic substitution/metal-

catalyzed cycloisomerization reactions (Tables 5.2 and 5.3). In a first set of experiments 

chiral 1,6-enynes 47, 50 and 52, prepared in Chapter 4 using Pd/L9e, were transformed 

to chiral functionalized bicyclic compounds 96-98 by means of the PtCl2 mediated 

cycloisomerization in the presence of methanol.4  
 

Table 5.2. Synthesis of chiral functionalized bicyclic compounds 96-98 from the 
corresponding 1,5-enynes.a 

 
Entry Starting material Product % Yieldb % eec 

1 

 
 

60 93 (R,S,S) 

2 

 
 

9 99 (R,S,S) 

3 

 
 

46 >99 (R,S,S) 

a  Enyne (1 mmol), PtCl2 (5 mol%), MeOH, at reflux for 18 h b Isolated after flash chromatography.             
c Determined by HPLC. 

 

This cycloisomerization involves the Pt (II) ƞ2-alkyne coordination and subsequently 

attack of the alkene to the electrophilic Pt- ƞ2-alkyne. This leads to the formation of a 

η1-alkenyl complex. The nucleophilic addition of MeOH into the carbocation (formed 
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after attack of the alkene), and protonolysis of the η1-alkenyl complex, allow the 

formation of the alkoxylated-bicyclic products with the exocyclic bond.4b The results in 

Table 5.2 indicates that the three chiral alkoxy bicycles 96-98 could be attained with an 

excellent enantiocontrol. The yields ranged from good (for compound 96) to poor for 

the more sterically constrained bicyclic product 97. The low yields obtained in 97 could 

be explained since the intramolecular attack of the cyclic alkene to the ƞ2-alkyne-Pt 

complex is less favourable in the presence of cyclopentene ring. Furthermore, the 

relative stereochemistry of the products was assigned as previously reported with the 

achiral version of 96.4a 

We then studied the cycloisomerization of chiral 1,6-enynes 47, 50 and 52, prepared 

in Chapter 4 with Pd/L9e, using RuCl3 to yield the corresponding unsaturated bicycles 

99-101 (Table 2.3.3).5 This cycloisomerization involves the formation of Ru(II)-ƞ2-alkyne 

which is further attacked by the double bond. Then, protonolysis followed by β-hydride 

elimination leads to the formation of the bicyclic desired unsaturated bicycles.4b, 5 We 

could obtain 99 and 101 with a delightful enantiocontrol in good yields. However, when 

50 was submitted to the same reaction conditions, the reaction only led to the 

decomposition of the starting material.  

 

Table 5.3. Synthesis of chiral functionalized bicycles 99-101.a 

 
Entry Starting material Product % Yieldb % eec 

1 

 
 

61 >99 (R,S) 

2 

 
 

0 0 

3 

 
 

70 >99 (R,S)- 

a  Enyne (1 mmol), RuCl3 (5 mol%), MeOH b Isolated after flash chromatography.  c Determined by chiral 
HPLC. 

 

In order to further prove the applicability of allylic substitution products we focused 

in the preparation of chiral tricyclic structures, containing a constrained cyclobutene 

ring. In this regard, 1,6-enynes and 1,7-enynes has been reported to undergo metal 

catalyzed cycloisomerization reactions to obtain cyclobutenes (Scheme 5.2), 
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nevertheless they were obtained as racemates and their chiral version have never been 

reported.6 In this sense, Au(I)-JohnPhos and Pt(II) complexes have been reported to 

catalyze this transformation. Regarding the mechanistic aspects of the reaction, there 

has been controversy and several mechanistic pathways have been published.7 Though, 

in general, MXn coordinates to the alkyne which after attack of the alkene forms a 

cyclopropyl-metal carbene. This cyclopropyl-carbene can undergo reductive elimination 

to form the corresponding ene-products or forming the corresponding cyclobutenes. 

The cyclobutene formation seems to be favorable when the geometry of the alkene does 

not allow the corresponding skeletal rearrangement to form the corresponding alder-

ene type products.6a,
 

7a Thus, this process can be seen as [2+2]-type cycloaddition 

reaction. As the reaction pathway does not seem to involve the chiral bound created by 

Pd-catalyzed asymmetric allylic substitution, we attempted the metal catalyzed 

cycloisomerization to obtain the corresponding tricyclic chiral cyclobutenes.  

 

 

Scheme 5.2. General structure of cyclobutene containing compounds. 

 

In order to have more variety of tricyclic structures, we expanded the nucleophile 

scope studied in Chapter 4 for cyclic substrates S2, S8 and S9. In this new nucleophile 

scope, we focused on the malonate nucleophiles bearing alkynyl groups since they will 

enable the preparation of more structurally diverse tricyclic scaffolds. For do this, we 

alkylated the cyclic substrates which differs in the ring size (from five- to seven-

membered ring) with a range of substituted propargyl- and butynyl-containing malonate 

nucleophiles using Pd/L9c catalytic system. The results are summarized in Table 5.4. 

 The alkylation of cyclohexenyl cyclic substrate S2 proceeded as expected providing 

the alkylated products 102, 105 and 111 in good-to-excellent yields and excellent 

enantioselectivities regardless the substitution pattern on the nucleophile used (ee’s up 

to 99%, entries 1, 4, 7 and 10).  These excellent results were maintained for 

cycloheptenyl cyclic substrate S9 which provided 103, 106 and 109 in good yields and 

with an excellent stereocontrol (ee’s up to 99%, entries 3, 6 and 9). Finally, we also 

attempted this transformation on the more challenging 5-membered ring substrate S8. 

To our delight, we could attain the allylic alkylation products 104, 105 and 110 in good 

yields and with enantioselectivities comparable with those obtained for propargyl 

derivative 50 regardless the nucleophile used (ee’s up to 93%, entries 2, 5 and 8).  
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Table 5.4. Expansion of nucleophile scope of cyclic substrates S2, S8 and S9 with Pd/L9c 
catalytic system.a 

 
Entry Substrate Product % Yieldb % eec 

1 S2 

 

65 99 

2 S9 

 

70 99 

3 S8 

 

82 92 

4 S2 

 

71 98 

5 S9 

 

65 99 

6 S8 

 

70 91 

7 S2 

 

64 98 

8 S9 

 

76 99 

9 S8 

 

82 93 

10 S2 

 

90 99 

a 0.5 mol% [PdCl(3-C3H5)]2, ligand (0.011 mmol), substrate (1 mmol), CH2Cl2 (2 ml), BSA (3 eq), dimethyl 

malonate (3 eq), KOAc (pinch).  b Full conversions. c Measured by HPLC. 

 

Next, we tested the chiral 1,7- and 1,6-enynes 102-104 and 108-111 in the Au(I)- and 

Pt(II)-catalyzed cycloisomerizayion reactions (Table 5.5). Thus, the Au(I)-catalyzed 
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cycloisomerization of 1,7-enyne 102, with a 6-membered ring, proceeded cleanly to 

yield tricyclic compound 112 in high yield and excellent selectivity (entry 1). In contrast, 

the reaction of 102 with the Pt-catalyst led to a complex reaction mixture. In the case of 

the 7-membered ring substrate 103 the cycloisomerization with gold catalyst led to the 

clean formation of the bicyclic product 113 rather than the expected tricyclic derivative 

(entry 2). Again, cycloisomerization of 103 with Pt led to an intractable mixture of 

cycloisomerized products. For enyne 104, bearing a 5-memberd ring, no reaction was 

observed using either gold or platinum catalysis (entry 3). 

 

Table 5.5. Au(I) and Pt(II) catalyzed cycloisomerization reaction on 1,6- and 1,7-enynes. 

 

 
  Catalyst   

Entry Enyne JohnPhos Au(I)a PtCl2/COb Yield 
%c ee %d 

1 

 
 

Complex reaction 
mixture 

75 98 

2 

  

Complex reaction 
mixture 

65 99 

3 

 

n.r.e n.r. - - 

4 

 

n.r. 

 

90 98 

5 

 

n.r. 

 

74 99 

6 

 

n.r. n.r. - - 
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(Continuation) 

Entry Enyne JohnPhos Au(I)a PtCl2/COb 
Yield 

%c 
ee %d 

7f 

 
  

85/55h 98/99h 

a [Au(P(Cy)2(C6H4-C6H5)(AcCN)](SbF6) (2% mol), enyne (0.2 mmol), 4 Å MS, DCM, 18 h. b PtCl2 (10 
mol%), enyne (0.2 mmol), toluene, CO atmosphere, at 80 °C for 18 h. c After chromatographic 
isolation. d Determined by HPLC. e No reaction. f In this case, using PtCl2/CO full conversions were not 
attained even for longer reaction times (72 h). h Yields and ee’s obtained by Au(I) and Pt(II) catalysis 
respectively. 

 

For 1,6-enynes 108, we obtained the corresponding chiral cyclobutene 114 from the 

6- membered ring enyne 108 using platinum catalysis (entry 4). In contrast to 103, the 

7-membered ring enyne 109 gave the desired tricyclic compound 115 in good yields and 

with an excellent ee (entry 5). Again, the 5-membered ring enyne 110 did not undergo 

any transformation using either Au(I) or Pt(II) strategies. The 1,6-enynes were recovered 

unreacted when we attempted their cycloisomerization reaction using the gold catalyst.  

Finally, Ph-substituted 1,7-enyne 111 was cycloisomerized using both gold (I) and 

PtCl2/CO catalytic systems. In all cases, the resulting relative stereochemistry was 

assigned as previously described in the literature for the corresponding racemic 

compounds.6a, 8 

To sum up, we could prepare 4 different chiral tricyclic structures containing a highly 

constrained cyclobutene ring using the sequential Pd-catalyzed allylic alkylation and 

metal catalyzed cycloisomerization reactions.  

 

5.2.3. Preparation of bi- and tricyclic compounds via Pauson Khand reaction 

 

In order to extend the applicability of the propargylated compounds obtained by Pd-

catalyzed asymmetric allylic substitution, we further tested them in Pauson Khand 

reactions. Pauson Khand reaction can be described formally as a [2+2+1] cycloaddition 

of an alkyne, and alkene and a CO.9 This reaction usually involves the stechiometric 

coordination of Co2(CO)8 to the alkyne form a dicobaltocycle which is usually isolable. 

After that, an alkene can be further coordinated to form a metallacyclopentene 

complex. After, a migratory insertion of CO in one of Co-C bonds and a subsequently 

reductive elimination of the complex leads to the formation of cyclopentenones.10  

In a first set of experiments we focused on the preparation of chiral 

bicyclopentenones 117-120 by sequential reactions involving allylic substitution 

followed by Pauson-Khand enyne cyclization (Table 5.6). Initially, we attempted the 

Pauson Khand reaction under thermal conditions by coordination of the enyne 19 with 

Co2(CO)8 and subsequent thermal decomposition in refluxing tert-butylbenzene.11 

Nevertheless, the corresponding cyclopentenone 117 was attained in poor yields (entry 
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1). In order to improve the yield, we attempted this transformation using N-morpholine 

oxide (NMO) as promoter at room temperature.12 Under these conditions, the reaction 

proceeded as expected obtaining chiral bicyclopentenone 117 in good yield excellent 

enantiomeric control (Table 5.6, entry 2).  

Next, we attempted the derivatization of linear non-symmetric enynes 76 and 89 

which led to the expected bicyclopentenones 118 and 119 in moderate yields (entries 3 

and 4). The enantioselectivities observed were the same of the enynes, indicating that 

the chiral information was transferred to the cyclopentenone without any lost during 

the process. Unfortunately, the Pauson-Khand reaction of enyne 61 did not proceed, 

being enyne 61 recovered after the reaction. This fact can be explained due to the 

azaphilicity of cobalt which coordinate first to the amino group rather than to the alkyne 

moiety.  

 

Table 5.6. Preparation of chiral bicyclopentenones 117-120 by sequential reactions 
involving allylic substitution followed by Pauson-Khand enyne cyclization.  

 
Entry Enyne Product % Yielda % eeb 

1c 

  

10 n.d. 

2d 

  

62 99 (R,R,S) 

3d 

  

39 73 (R,R,R) 

4d 

  

41 89 (R,S) 

5d 

  

0 - 

a Full conversion.  b Determined by chiral HPLC. c Co2(CO)8 (1.1 equiv), substrate (0.5 mmol), tButyl-
benzene (1 ml) 1 h, then reflux for 24 h. d Co2(CO)8 (1.1 equiv), substrate (0.5 mmol), DCE (1 ml) 1 h. 
Then, NMO (6 equiv) until completion (from 1 h to 12 h). 
 

Then, we moved to the preparation of chiral tricyclic cyclopentenones via a 

sequential enantioselective allylic substitution/Pauson-Khand reactions. The use of 

cyclic enynes such as 47, 50 and 52 led to the formation of chiral carbocycles containing 

highly strained trifused-rings. In this regard, we first studied Pauson-Khand reaction with 
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enynes 47, 50 and 52, previously synthesized with Pd/L9c catalytic system (vide supra, 

Chapter 4, Table 4.6). Initially, we attempted reaction using the previously reported 

thermal decomposition conditions.11 Under these conditions, the tricyclic carbocycles 

121-123 were obtained in poor-to-moderate yields albeit the enantioselectivities 

remained excellent during the process (Table 5.7.). With the aim of improve the yields 

of this reaction we further tested the use of an N-methylmorpholine oxide as promoter. 

Under these conditions, carbocycles 121-123 were attained in good yields (up to 75%) 

and with enantioselectivities comparable to those obtained on the starting materials 

(ee’s up to >99%). The relative stereochemistry of tricyclic compounds 121-123 has been 

previously reported and determined by NOE experiments as well as by crystallographic 

characterization (for compound 123).11 

 

Table 5.7. Synthesis of chiral functionalized fused tricycles 121-123.  

 

   
Thermal 

decompositiona 
Using NMO as 

promoterb 

Entry Enyne Product % Yieldc % eed % Yieldc % eed 

1 

 
 

26 99 52 >99 

2 

 
 

63 92 75 93 

3 

 
 

42 >99 70 99 

a Alkyne (1 equiv), Co2(CO)8 (1.3 equiv), tert-butylbenzene at reflux for 12 h. b Alkyne (1 equiv), 
Co2(CO)8 (1.3 equiv), NMO (6 equiv), dichloroethane, until competition (from 2 h to 12 h). d After 
chromatographic isolation.  e Determined by HPLC. 
 

 

We then move to study the scope of the Pauson-Khand reaction using enynes 102-

111 synthesized in Table 5.4. The results are summarized in Table 5.8. Initially, we 

performed this transformation using 1,7-enynes 102-104. The corresponding tricyclic 

structures 124-126 were obtained in moderate-to-good yields with complete 

transmission of the chiral information (entries 1-3). It must be mentioned that the 

resulting relative stereochemistry was the same as observed for 121-123, obtaining 124 

and 125 with a syn-syn relative stereochemistry and an anti-syn for 125.  Next, we 
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studied the Pauson-Khand reaction of methyl substituted 1,6-enynes 105-107. The 

reactions proceeded smoothly yielding the corresponding α-methylcyclopentenones 

127-129 in good yields and excellent enantioselectivities (entries 4-6). The use of phenyl-

substituted 1,6-enynes 108-110 also led to the formation of the corresponding tryciclic 

α-phenylcylopentenones in good yields and excellent enantioselectivities (compounds 

130-132, entries 7-9). It should be mentioned that for compound 129 the formation of 

two diastereoisomers at a ratio of 95:5 (syn-syn, syn-anti, respectively) was attained. 

Finally, we also studied the Pauson-Khand reaction of phenyl-substituted 1,7-enyne 111. 

The corresponding tryciclic α-phenylcylopentenone 133 was attained in 76% yield as a 

6:4 diastereomeric mixture of the syn-syn and the anti-syn isomers, respectively in 

excellent ee’s.   
 

 

Table 5.8. Pauson-Khand reaction using enynes 102-111.a 

 
Entry Enyne Product % Yielda % eec 

1 

  

76  99 

2 

  

89 99 

3 

  

54 91 

4 

 
 

67 98 

5 

 
 

87 98 
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(Continuation)     

Entry Enyne Product % Yielda % eec 

6 

  

67 91 

     
     

7 

 
 

55 
(d.r. 95:5) 

98 

8 

 
 

83 99 

9 

  

87 92 

10 

 
 

76 
(d.r. 6:4) 

98/99 

a Alkyne (1 equiv), Co2(CO)8 (1.3 equiv), NMO (6 equiv), dichloroethane. b After chromatography 
isolation. c Determined by chiral HPLC. 
 

To sum up, by means of the sequential use of Pd-catalyzed asymmetric allylic 

substitution and Pauson-Khand, we attained 10 different highly hindered chiral tricyclic 

cyclopentenones (products 124-132). These tricyclic scaffolds are furnished with 

different ring sizes in the carbocycle already present in the enyne and in the carbocycle 

containing the malonate, as well as different substituent at the α-position of the 

cyclopentenone.  

 

5.3. Conclusions 

 

We have successfully derivatized some of the compounds obtained in Chapters 3 

and 4. In this regard, Grubb’s metathesis, Pauson-Khand and cycloisomerization 

reactions produced a range of chiral functionalized (poly)carbocyclic and heterocyclic 

compounds, with multiple stereogenic centers. From all of them we should highlight for 

the first time the successful preparation of a range of highly functionalized fused tricyclic 

UNIVERSITAT ROVIRA I VIRGILI 
DEVELOPMENT OF TAILOR-MADE CATALYST LIBRARIES FOR THE CONSTRUCTION 
OF CHIRAL C-X (X= C, N AND O) BONDS. APPLICATION TO THE SYNTHESIS  
OF COMPLEX MOLECULES 
Joan Saltó de la Torre 



Chapter 5 

110 

compounds in good yields and excellent selectivities by combining allylic alkylation with 

either cycloisomerization or Pauson-Khand reactions. 

 

5.4. Experimental part 

All reactions were performed with standard Schlenk techniques using argon. 

Commercial chemicals were used as received. Solvents were dried by means of standard 

procedures and stored under inert atmosphere. 1H, 13C{1H}, and 31P{1H} NMR spectra 

were recorded using a Varian Mercury 400 MHz spectrometer. Chemical shifts are 

relative to the signal of SiMe4 (1H and 13C{1H}) as internal standard. 

The corresponding NMR copies of new compounds can be found in the electronic 

supporting information provided. 

 

5.4.1. Typical procedure for the preparation of chiral carbo- and heterocyclic 

compounds 90-95 

 

A solution of Grubbs II catalyst (5 mg, 0.006 mmol) and the corresponding alkylated 

product (0.12 mmol) in CH2Cl2 (3 ml) was stirred for 16 h. The solution was directly 

purified by flash chromatography (Hex/EtOAc 95:5) to obtain the desired compounds. 

 

5.4.2. Characterization details for compounds 90-95 

 

Dimethyl (S)-2-phenylcyclopent-3-ene-1,1-dicarboxylate (90).13 Enantiomeric 

excess determined by HPLC using Chiralpak IC column (87% 2-propanol/hexane, flow 0.5 

ml/min, λ= 226 nm). tR 15.3 min (S); tR 17.0 min (R). 1H NMR (400 MHz, CDCl3), δ: 2.76 

(d, 1H, CH2, J = 17.4 Hz), 3.06 (s, 3 H, CH3), 3.45 (d, 1H, CH2, J = 17.4 Hz), 3.74 (s, 3H, CH3), 

4.86 (s, 1H, CH), 5.68 (m, 1H, CH=), 5.85 (m, 1H, CH=), 7.1-7.3 (m, 5H, CH=). 

Dimethyl (S)-2-(p-tolyl)cyclopent-3-ene-1,1-dicarboxylate (91).13 Enantiomeric 

excess determined by HPLC using Chiralpak IA column (98% 2-propanol/hexane, flow 0.5 

ml/min, λ = 226 nm). tR 12.1 min (-); tR 12.8 min (+). 1H NMR (400 MHz, CDCl3), δ: 2.30 

(s, 3H, CH3), 2.81 (bd, 1H, CH2, J = 12.6 Hz), 3.22 (s, 3 H, CH3), 3.49 (m, 1H, CH2), 3.76 (s, 

3H, CH3), 4.86 (s, 1H, CH), 5.71 (m, 1H, CH=), 5.87 (m, 1H, CH=), 7.1-7.3 (m, 4H, CH=). 

Diethyl 2-phenylcyclohex-3-ene-1,1-dicarboxylate (91).13 Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (98% 2-propanol/hexane, flow 0.5 

ml/min, λ = 220 nm). tR 12.5 min (-); tR 17.5 min (+). 1H NMR (400 MHz, CDCl3), δ: 1.25 (t, 

6H, CH3, J = 7.2 Hz), 1.9-2.3 (m, 4H, CH2), 3.91 (m, 1H, CH), 4.19 (m, 4H, CH2), 5.76 (m, 

1H, CH=), 5.90 (m, 1H, CH=), 7.1-7.4 (m, 5H, CH=). 

Diethyl 2-phenylcyclohept-3-ene-1,1-dicarboxylate (93).13 Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (98% 2-propanol/hexane, flow 0.5 

ml/min, λ = 220 nm). tR 11.2 min (-); tR 13.8 min (+). 1H NMR (400 MHz, CDCl3), δ: 0.99 (t, 

3H, CH3, J = 7.2 Hz), 1.26 (t, 3H, CH3, J = 7.2 Hz), 1.52 (m, 2H, CH2), 2.3 (m, 2H, CH2), 3.80 
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(m, 2H, CH2), 4.03 (m, 4H, CH2), 4.05 (m, 1H, CH), 5.88 (m, 1H, CH=), 5.92 (m, 1H, CH=), 

7.0-7.3 (m, 4H, CH=). 

(S)-2-Phenyl-2,5-dihydrofuran (94).14 Enantiomeric excess determined by GC using 

Chiralsil-Dex CB column (105 kPa H2, 90 °C for 30 min, 10 °C/min, to 180 °C). tR 17.4 min 

(S); tR 18.3 min (R).1H NMR (400 MHz, CDCl3), δ: 4.76 (m, 1H), 4.87 (m, 1H), 5.79 (m, 1H), 

5.88 (m, 1H), 6.03 (m, 1H), 7.2-7.4 (m, 5H). 

tert-Butyl (S)-2-phenyl-2,5-dihydro-1H-pyrrole-1-carboxylate (95).15 Enantiomeric 

excess determined by HPLC using Chiralpak IC column (hexane/2-propanol=95/5, 0.5 

ml/min, λ = 210 nm). tR 18.3 min (R); tR 19.9 min (S). 1H NMR (400 MHz, CDCl3), δ: 1.21 

(s, 9H), 4.33 (s, 2H), 5.37 (s, 1H), 5.73 (s, 1H), 5.84 (s, 1H), 7.1-7.3 (m, 5H). 

 

5.4.3. Typical procedure for the preparation of bicyclic compounds 96-100 

 

A mixture of the enyne (1 mmol) and PdCl2 or RuCl3 (0.05 mmol) in MeOH (5 ml) was 

heated at reflux for 24 h. The solution was then cooled down, the solvent was removed 

in vacuo, and the residue was purified by column chromatography (hexane:EtOAc 

mixtures) to give the desired carbobicycle.  

 

5.4.4. Characterization details for bicyclic compounds 96-100 

 

Dimethyl 4-methoxy-3-methylenehexahydropentalene-1,1(2H)-dicarboxylate 

(96). Enantiomeric excess determined by HPLC using Chiralcel OJ-H column (95% 

hexane/2-propanol, flow 0.5 ml/min, λ= 220 nm). tR 13.3 min; tR 13.9 min. 1H NMR 

(CDCl3), δ: 1.17 (m, 1H, CH2), 1.62 (m, 1H, CH2), 1.84 (m, 2H, CH2), 2.69 (dq, 1H, CH2,  J= 

16.7 Hz, J = 1.3 Hz), 3.05 (dq, 1H, CH2,  J= 16.7 Hz,   J= 1.3 Hz), 3.13 (m, 1H, CH), 3.29 (m, 

1H, CH), 3.34 (s, 3H, CH3), 3.60 (m, 1H, CH), 3.69 (s, 3H, CH3), 3.71 (s, 3H, CH3), 4.93 (m, 

1H, CH2=), 4.98 (m, 1H, CH2=). 13C NMR (CDCl3), δ: 26.1 (CH2), 32.0 (CH2), 39.4 (CH2), 47.6 

(CH), 52.5 (CH3), 52.7 (CH3), 54.1 (CH), 56.8 (CH), 62.9 (C), 90.1 (CH), 109.1 (CH2=), 149.9 

(C=), 170.6 (C=O), 172.0 (C=O). 

Dimethyl 4-methoxy-3-methyleneoctahydroazulene-1,1(2H)-dicarboxylat (97). 

Enantiomeric excess determined by HPLC using Chiralcel OJ-H column (95% hexane/2-

propanol, flow 0.5 ml/min, λ= 220 nm). tR 11.3 min; tR 12.7 min. 1H NMR (CDCl3), δ: 1.11 

(m, 1H, CH2), 1.30 (m, 2H, CH2), 1.58 (m, 1H, CH2), 1.87 (m, 3H, CH2), 2.92 (m, 3H, 2xCH, 

CH2), 3.13 (m, 1H, CH2), 3.19 (m, 2H, CH, CH2), 3.32 (s, 3H, CH3), 3.68 (s, 3H, CH3), 3.70 

(s, 3H, CH3), 4.97 (m, 1H, CH2=), 5.14 (m, 1H, CH2=). 13C NMR (CDCl3), δ: 27.2 (CH2), 27.5 

(CH2), 30.0 (CH2), 30.9 (CH2), 38.5 (CH2), 47.4 (CH), 52.4 (CH), 52.6 (CH3), 52.9 (CH3), 55.6 

(CH), 64.1 (C), 86.4 (CH), 107.9 (CH2=), 150.3 (C=), 170.4 (C=O), 171.7 (C=O). 

Dimethyl 4-methoxy-3-methyleneoctahydro-1H-indene-1,1-dicarboxylat (98).4a 

Enantiomeric excess determined by HPLC using Chiralcel OJ-H column (95% hexane/2-

propanol, flow 0.5 ml/min, λ= 220 nm). tR 18.0 min; tR 20.2 min. 1H NMR (CDCl3), δ: 0.88 

(m, 1H, CH2), 1.31 (m, 1H, CH2), 1.39 (m, 1H, CH2), 1.41 (m, 1H, CH2), 1.58 (m, 1H, CH2), 
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1.74 (m, 1H, CH2), 2.91 (m, 1H, CH2), 2.92 (m, 1H, CH), 3.03 (bs, 1H, CH), 3.31 (m, 1H, 

CH2), 3.36 (s, 3H, CH3), 3.63 (dd, 1H, CH, J = 5.4 Hz, J = 2.8 Hz,), 3.71 (s, 3H, CH3), 3.72 (s, 

3H, CH3), 4.79 (dd, 1H, CH2=, J = 5 Hz, J = 2.6 Hz), 5.02 (dd, CH2=, J = 5 Hz, J = 2.6 Hz). 

Dimethyl (3aS, 7aR)-3-methylene-2,3,3a,6,7,7a-hexahydro-1H-indene-1,1-di-

carboxylate (99).16 Enantiomeric excess determined by HPLC using Chiralcel OJ-H 

column (95% hexane/2-propanol, flow 0.5 ml/min, = 210 nm). tR 10.5 min; tR 11.4 min. 
1H NMR (CDCl3), δ: 1.13 (m, 1H, CH2), 1.32 (m, 1H, CH2), 2.03 (m, 2H, CH2), 2.86 (m, 2H, 

CH, CH2), 3.21 (m, 1H, CH), 3.32 (m, 1H, CH2), 3.71 (s, 3H, CH3), 3.73 (s, 3H, CH3), 4.84 

(m, 1H, CH2=), 4.98 (m, 1H, CH2=), 5.76 (m, 1H, CH=), 5.86 (m, 1H, CH=). 

Dimethyl (3aS,8aR)-3-methylene-3,3a,6,7,8,8a-hexahydroazulene-1,1(2H)-di-

carboxylate (101).16 Enantiomeric excess determined by HPLC using Chiralcel OJ-H 

column (95% hexane/2-propanol, flow 0.5 ml/min, = 210 nm). tR 11.6 min; tR 12.5 min. 
1H NMR (CDCl3), δ: 1.27 (m, 1H, CH2), 1.76 (m, 1H, CH2), 2.23 (m, 5H, CH2), 2.75 (m, 1H, 

CH2), 3.11 (d, 1H, CH2, J = 17.3 Hz), 3.25 (d, 1H, CH, J = 11.3 Hz), 3.62 (pt, 1H, CH, J = 7.4 

Hz), 3.72 (s, 3H, CH3), 3.75 (s, 3H, CH3), 4.92 (m, 1H, CH2=), 4.98 (m, 1H, CH2=), 5.79 (m, 

1H, CH=), 5.87 (m, 1H, CH=). 

 

5.4.5. Typical procedure for synthesis of compounds 102-111 via asymmetric 

Pd-catalyzed allylic alkylation  

 

A solution of the L9c (0.011 mmol) and [PdCl(η3-C3H5)]2 (1.8 mg, 0.005 mmol) in 

CH2Cl2 (0.5 ml) was stirred. After 30 min a solution of substrate (1 mmol) in CH2Cl2 (1.5 

ml), nucleophile (3 mmol), N,O-bis(trimethylsilyl)-acetamide (730 μL, 3 mmol), and KOAc 

(3 mg, 0.03 mmol) were subsequently added. After the desired reaction time the 

reaction mixture was diluted with Et2O (5 ml). Saturated NH4Cl (aq) (25 ml) was then 

added, the mixture was extracted with Et2O (3 × 10 ml), and the extract was dried over 

MgSO4. Then the reaction crude was subjected to flash chromatography (petroleum 

ether/ethyl acetate) to obtain the desired enynes. 

 

5.4.6. Characterization details for enynes 102-111 

 

Dimethyl 2-(but-3-yn-1-yl)-2-(cyclohex-2-en-1-yl)malonate (102).6a Enantiomeric 

excess determined by HPLC using Chiralcel OJ-H column (98% 2-propanol/hexane, flow 

0.5 ml/min, λ = 220 nm). tR(minor) 13.4 min; tR(major) 16.1 min. 1H-NMR (CDCl3), δ: 1.29 – 

1.38 (m, 1H), 1.50 – 1.60 (m, 1H), 1.74 – 1,84 (m, 2H), 1.99 (m, 3H), 2.16 – 2.28 (m, 4H), 

2.88 – 2,95 (m, 1H), 3.72 (s, 3H), 3.74 (m, 3H), 5.64 (d, 1H, J = 10.4 Hz), 5.72 – 5.78 (m, 

1H). 

Dimethyl 2-(but-3-yn-1-yl)-2-(cyclohept-2-en-1-yl)malonate (103). Enantiomeric 

excess determined by HPLC using Chiralcel OJ-H column (98% 2-propanol/hexane, flow 

0.5 ml/min, λ = 220 nm). tR(minor) 12.3 min; tR(major) 13.1 min.  1H-NMR (CDCl3), δ: 1.18 (m, 

2H, CH2), 1.65 (m, 3H, 2xCH2, CH2), 1.94 (s, 1H, CH≡), 2.01 (m, 1H, CH2), 2.13 (m, 4H, 
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2xCH2), 2.22 (m, 2H, CH2), 2.91 (m, 1H, CH), 3.71 (ap. m, 6H, 2xCH3), 5.64 (m, 1H, CH=), 

5.82 (m, 1H, CH=).  13C-NMR (100.6 Hz, CDCl3)  14.6 (CH2), 26.0 (CH2), 27.9 (CH2), 30.1 

(CH2), 31.6 (CH2), 33.1 (CH2), 44.2 (CH), 52.2 (CH3), 52.3 (CH3), 68.5 (CH≡), 83.6 (C≡), 132.2 

(CH=), 132.8 (CH=), 171.0 (CO), 171.1 (CO). 

Dimethyl 2-(but-3-yn-1-yl)-2-(cyclopent-2-en-1-yl)malonate (104). Enantiomeric 

excess determined by HPLC using Chiralcel OJ-H column (98% 2-propanol/hexane, flow 

0.5 ml/min, λ = 220 nm). tR(minor) 16.9 min; tR(major) 17.7 min.  1H-NMR (400 Hz, CDCl3), δ: 

1.69 (m, 1H, CH2), 1.96 – 2.37 (m, 8H, CH2, CH≡), 3.41 (m, 1H, CH), 3.69 (s, 3H, CH3), 3.71 

(s, 3H, CH3), 5.70 (m, 1H, CH=), 5.79 (m, 1H, CH=). 13C-NMR (100.6 Hz, CDCl3)  14.5 (CH2), 

25.3 (CH2), 31.8 (CH2), 32.1 (CH2), 49.9 (CH), 52.2 (CH3), 52.3 (CH3), 60.4 (C), 68.6 (CH≡), 

83.5 (C≡), 130.8 (CH=), 132.8 (CH=), 171.1 (CO), 171.2 (CO). 

Dimethyl 2-(but-2-yn-1-yl)-2-(cyclohex-2-en-1-yl)malonate (105). Enantiomeric 

excess determined by HPLC using Chiralpak AD column (98% 2-propanol/hexane, flow 

0.5 ml/min, λ = 220 nm). tR(minor) 11.5 min; tR(major) 12.2 min.1H-NMR (CDCl3), δ: 1.21 – 1.34 

(m, 1H, CH2), 1.45 – 1.57 (m, 1H, CH2), 1.67 – 1.85 (m, 5H, including a triplet (J = 2.6Hz) 

at 1.70, 2xCH2, CH3), 1.85 – 1.96 (m, 2H, CH2), 2.77 (ap qq, 2H, CH2, J = 10.0 Hz, 2.6 Hz), 

3.06 (m, 1H, CH), 3.66 (s, 3H, CH3), 3.70 (s, 3H, CH3), 5.65 – 5.73 (m, 2H, CH=). 13C-NMR 

(100.6 Hz, CDCl3)  3.5 (CH3), 22.3 (CH2), 22.9 (CH2), 24.1 (CH2), 24.8 (CH2), 8.7 (CH), 52.1 

(CH3), 52.3 (CH3), 60.6 (C), 73.7 (C≡), 78.6 (C≡), 127.6 (CH=), 128.7 (CH=), 170.3 (CO), 

170.5 (CO), 

Dimethyl 2-(but-2-yn-1-yl)-2-(cyclohept-2-en-1-yl)malonate (106). Enantiomeric 

excess determined by HPLC using Chiralcel OJ-H column (98% 2-propanol/hexane, flow 

0.5 ml/min, λ = 220 nm). tR(minor) 11.7 min; tR(major) 12.4 min. 1H-NMR (400 MHz CDCl3)  

1.08 – 1.27 (m, 2H, CH2), 1.55 – 1.84 (m including a triplet (J = 2.8 Hz) at 1.72, 6H, CH3, 

CH2), 1.94 – 2.04 (m, 1H, CH2), 2.08 – 2.17 (m, 2H, CH2), 2.76 (q, 2H, CH2, J = 2.6 Hz), 3.14 

(m, 1H, CH), 3.70 (s, 6H, CH3), 5.67 (m, 1H, CH=), 5.78 (m, 1H, CH=). 13C-NMR (100.6 Hz, 

CDCl3)  3.5 (CH3), 23.9 (CH2), 26.0 (CH2), 27.9 (CH2), 29.6 (CH2), 31.4 (CH2), 42.9 (CH), 

52.3 (CH3), 52.4 (CH3), 60.8 (C), 73.9 (C≡), 78.6 (C≡), 131.8 (CH=), 132.8 (CH=), 170.6 (CO), 

170.6 (CO). 

Dimethyl 2-(but-2-yn-1-yl)-2-(cyclopent-2-en-1-yl)malonate (107). Enantiomeric 

excess determined by HPLC using Chiralpak AD column (98% 2-propanol/hexane, flow 

0.5 ml/min, λ = 220 nm). tR(minor) 10.9 min; tR(major) 12.5 min. 1H-NMR (CDCl3), δ: 1.64 – 

1.77 (m including a triplet (J = 2.6 Hz) at 1.77, 4H, CH3. CH2), 2.05 (m, 1H, CH2), 2.26 (m, 

2H, CH2), 2.75 (app q, 2H, CH2,  J = 2.6 Hz), 3.61 (m, 1H, CH), 3.69 (s, 3H, CH3), 3.73 (s, 3H, 

CH3), 5.77 (m, 2H, CH=).13C-NMR (100.6 Hz, CDCl3)  3.5 (CH3), 23.6 (CH2), 25.2 (CH2), 31.7 

(CH2), 48.8 (CH), 52.3 (CH3), 52.5 (CH3), 60.4 (C), 73.8 (C≡), 78.6 (C≡), 131.2 (CH=), 132.4 

(CH=), 170.6 (CO), 170.8 (CO). 

Dimethyl 2-(cyclohex-2-en-1-yl)-2-(3-phenylprop-2-yn-1-yl)malonate (108).6b 

Enantiomeric excess determined by HPLC using Chiralcel OJ-H column (98% 2-

propanol/hexane, flow 0.5 ml/min, λ = 220 nm). tR(major) 23.8 min; tR(minor) 26.6 min. 1H-

NMR (400 MHz CDCl3)  1.34 – 1.48 (m, 1H, CH2), 1.50 – 1.65 (m, 1H, CH2), 1.75 – 1,93 
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(m, 2H, CH2), 1.97 (m, 2H, CH2), 3.06 (ap q, J = 14.6 Hz, 2H, CH2), 3.20 (m, 1H, CH), 3.73 

(s, 3H, CH3), 3.76 (s, 3H, CH3), 5.77 (m, 2H, CH=), 7.26 (m, 3H, CH=), 7.35 (m, 2H, CH=). 

Dimethyl 2-(cyclohept-2-en-1-yl)-2-(3-phenylprop-2-yn-1-yl)malonate (109).6b 

Enantiomeric excess determined by HPLC using Chiralcel OJ-H column (98% 2-

propanol/hexane, flow 0.5 ml/min, λ = 220 nm). tR(major) 22.4 min; tR(minor) 24.8 min. 1H-

NMR (400 MHz CDCl3)  1.18 – 1.33 (m, 2H, CH2), 1.60 – 1.78 (m, 2H, CH2), 1.85 – 1,95 

(m, 1H, CH2), 2.00 – 2.10 (m, 1H, CH2), 2.17 (m, 2H, CH2), 3.07 (s, 2H, CH2), 3.28 (m, 1H, 

CH), 3.76 (s, 3H, CH3), 3.77 (s, 3H, CH3), 5.76 (m, 1H, CH=), 5.86 (m, 1H, CH=), 7.27 (m, 

3H, CH=), 7.36 (m, 3H, CH=).  

Dimethyl 2-(cyclopent-2-en-1-yl)-2-(3-phenylprop-2-yn-1-yl)malonate (110). 

Enantiomeric excess determined by HPLC using Chiralcel OJ-H column (98% 2-

propanol/hexane, flow 0.5 ml/min, λ = 220 nm). tR(major) 24.7 min; tR(minor) 28.2 min. 1H-

NMR (400 MHz CDCl3)  1.72 – 1.86 (m, 1H, CH2), 2.05 – 2.18 (m, 1H, CH2), 2.29 (m, 2H, 

CH2), 3.02 (s, 2H, CH2), 3.71 (m, 1H, CH), 3.71 (s, 3H, CH3), 3.74 (s, 3H, CH3), 5.82 (m, 2H, 

CH=), 7.25 (m, 3H, CH=), 7.34 (m, 2H, CH=). 13C-NMR (100.6 Hz, CDCl3)  23.9 (CH2), 25.2 

(CH2), 31.8 (CH2), 49.1 (CH), 52.4 (CH3), 52.6 (CH3), 60.5 (C), 83.2 (C≡), 85.0 (C≡), 123.3 

(C=), 127.9 (C=), 128.2 (2xCH=), 131.1 (CH=), 131.6 (2xCH=), 132.7 (CH=), 170.4 (CO), 

170.6 (CO). 

Dimethyl 2-(cyclohex-2-en-1-yl)-2-(4-phenylbut-3-yn-1-yl)malonate (111). 

Enantiomeric excess determined by HPLC using Chiralpak AD column (98% 2-

propanol/hexane, flow 0.5 ml/min, λ = 220 nm). tR(minor) 16.4 min; tR(major) 17.8 min. 1H-

NMR (400 MHz, CDCl3)   1.26 (m, 2H, CH2), 1.80 (m, 2H, CH2), 1.96 (m, 2H, CH2), 2.26 

(m, 2H, CH2), 2.44 (m, 2H, CH2), 2.94 (m, 1H, CH), 3.65 (s, 3H, CH3), 3.67 (s, 3H, CH3), 5.61 

(m, 1H, CH=), 5.67 (m, 1H, CH=), 7.20 (m, 3H, CH=), 7.31 (m, 2H, CH=).13C-NMR (100.6 

Hz, CDCl3)  15.6 (CH2), 22.4 (CH2), 24.5 (CH2), 24.8 (CH2), 31.9 (CH2), 40.2 (CH), 52.1 (CH3), 

52.3 (CH3), 60.7 (C), 80.8 (C≡), 89.1 (C≡), 123.7 (C=), 127.6 (CH=), 127.7 (CH=), 128.2 

(2xCH=), 128.7 (CH=), 131.5 (2xCH=), 170.8 (CO), 171.1 (CO). 

 

5.4.7. Typical preparation of cyclobutenes by PtCl2/CO system 

 

To a solution containing the corresponding enyne (0.2 mmol) and PtCl2 (10% mol) in 

1 ml of toluene, CO was bubbled for 5 min. Then, the flask was closed and stirred at 80 

°C for 18h. Then, the solvent was removed at vacuum and the reaction mixture 

chromatographed (petroleum ether/ethyl acetate) to afford the corresponding 

cyclobutenes. 

 

5.4.8. Typical preparation of cyclobutenes by JohnPhos Au(I) system 

 

To a solution of the corresponding enyne (0.2 mmol) in 1ml of dichloromethane, 

JohnPhosAu SbF6 complex (2% mol) and a punch of 4 Å MS  were added and the resulting 

UNIVERSITAT ROVIRA I VIRGILI 
DEVELOPMENT OF TAILOR-MADE CATALYST LIBRARIES FOR THE CONSTRUCTION 
OF CHIRAL C-X (X= C, N AND O) BONDS. APPLICATION TO THE SYNTHESIS  
OF COMPLEX MOLECULES 
Joan Saltó de la Torre 



Synthetic applications of the resulting Pd-AAS products 

   

 
 115  

suspension stirred until TLC showed competition (0.5 – 4h). After that, the solvent was 

removed at vacuum and the reaction crude chromatographed (petroleum ether/ethyl 

acetate) to obtain the corresponding cyclobutenes. 

 

5.4.9. Characterization details for cyclobutene-containing compounds 112, 

114-116 and bicyclic compound 113 

 

 Dimethyl (1a1S,4aR,7aR)-1a1,2,3,4a,5,6,7,7a-octahydro-4H-

cyclobuta[de]naphthalene-4,4-dicarboxylate (112).6a Enantiomeric excess determined 

by HPLC using Chiralcel OD column (87% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 

nm). tR(major) 8.7 min; tR(minor) 9.5 min. 1H-NMR (400 MHz, CDCl3)  1.00 (m, 1H), 1.34 (m, 

2H), 1.63 (m, 1H), 1.75 (m, 2H), 1.92 (td, 1H, J = 13.6 Hz, 4.6 Hz), 2.17 (m, 3H), 2.64 (m, 

1H), 2.85 (m, 1H), 2.95 (m, 1H), 3.62 (s, 3H), 3.68 (s, 3H), 5.59 (m, 1H). 

Dimethyl (R)-bicyclo[4.4.1]undeca-5,7-diene-2,2-dicarboxylate (113). Enantiomeric 

excess determined by HPLC using Chiralcel OD column (87% 2-propanol/hexane, flow 

0.5 ml/min, λ = 220 nm). tR(major) 8.7 min; tR(minor) 9.5 min. 1H-NMR (400 MHz, CDCl3)  0.91 

(m, 1H, CH2), 1.40 (m, 4H, CH2), 1.69 (m, 1H, CH2), 2.03 (m, 1H, CH2), 2.26 (dt, 1H, CH2, J 

= 18.6 Hz, 6.5 Hz), 2.75 (d, 1H, CH2,  J = 17.7 Hz), 3.17 (d, 1H, CH2, J = 17.7 Hz), 3.59 (m, 

1H, CH), 3.65 (s, 3H, CH3), 3.66 (s, 3H, CH3), 5.40 (s, 1H, CH=), 5.61 (ddd, 1H, CH=, J = 11.3 

Hz, 6.0 Hz, 3.5 Hz), 5.98 (d, 1H, CH=, J = 11.3 Hz). 13C-NMR (100.6 Hz, CDCl3)  24.6 (CH2), 

30.2 (CH2), 30.6 (CH2), 31.8 (CH2), 44.4 (CH2), 50.4 (CH), 52.4 (CH3), 52.8 (CH3), 62.5 (C), 

125.9 (CH=), 130.0 (CH=), 134.1 (C=), 135.1 (CH=), 170.4 (CO), 172.7 (CO). 

Dimethyl (1aS,1a1S,4aR)-1-phenyl-1a,2,3,4,4a,6-hexahydrocyclobuta[cd]indene-

5,5(1a1H)-dicarboxylate (114). Enantiomeric excess determined by HPLC using 

Chiralpak AD column (98% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 nm). tR(major) 17.4 

min; tR(minor) 18.7 min. 1H-NMR (400 MHz, CDCl3)  1.27 (m, 1H, CH2), 1.55 (m, 3H, CH2), 

2.28 (dd, J = 14.2 Hz, 7.8 Hz, 1H, CH2), 2.42 (m, 1H, CH2), 2.49 (dd, 1H, CH2, J = 14.2 Hz, 

7.8 Hz), 2.62 (m, 1H, CH2), 2.83 (m, 1H, CH), 3.20 (m, 1H, CH), 3.37 (m, 1H, CH), 3.57 (s, 

3H, CH3), 3.72 (s, 3H, CH3), 7.23 (m, 3H, H-Ar), 7.33 (m, 2H, H-Ar). 13C-NMR (100.6 Hz, 

CDCl3)  21.5 (CH2), 23.5 (CH2), 25.9 (CH2), 34.1 (CH2), 41.0 (CH), 42.5 (CH), 46.3 (CH), 

52.1 (CH3), 52.7 (CH3), 68.7 (C), 125.4 (2xCH=), 126.7 (C=), 128.4 (2xCH=), 134.7 (C=), 

141.8 (C=), 142.7 (C=), 170.7 (CO), 173.2 (CO). 

Dimethyl (1a1S,3aR,7aS)-1-phenyl-1a1,2,3a,4,5,6,7,7a-octahydro-3H-

cyclobuta[cd]azulene-3,3-dicarboxylate (115). Enantiomeric excess determined by 

HPLC using Chiralcel OJ column (98% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 nm). 

tR(major) 14.2 min; tR(minor) 17.8 min. 1H-NMR (400 MHz, CDCl3)  1.43 (m, 4H, CH2), 1.80 (m, 

2H, CH2), 2.21 (m, 2H, CH2), 2.35 (m, 2H, CH2), 2.75 (m, 1H, CH), 3.25 (tdd, 1H, CH, J = 7.5 

Hz, 4.7 Hz, 2.2 Hz), 3.52 (dd, 1H, CH, J = 8.2 Hz, 4.8 Hz), 3.63 (s, 3H, CH3), 3.75 (s, 3H, CH3), 

7.21 (m, 2H, H-Ar), 7.31 (3H, H-Ar). 13C-NMR (100.6 Hz, CDCl3)  27.4 (2xCH2), 28.6 (CH2), 

29.5 (CH2), 32.1 (CH2), 40.8 (CH), 42.7 (CH), 49.6 (CH), 52.2 (CH3), 52.7 (CH3), 71.3 (C), 
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125.7 (2xCH=), 126.7 (CH=), 128.4 (2xCH=), 134.9 (C=), 140.3 (C=), 145.3 (C=), 170.1 (CO), 

172.8 (CO). 

Dimethyl (1a1S,4aR,7aS)-1-phenyl-1a1,2,3,4a,5,6,7,7a-octahydro-4H-

cyclobuta[de]naphthalene-4,4-dicarboxylate (116). Enantiomeric excess determined 

by HPLC using Chiralcel OJ-H column (98% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 

nm). tR(minor) 18.5 min; tR(major) 21.8 min. 1H-NMR (400 MHz, CDCl3)  1.06 (m, 1H, CH2), 

1.20 (m, 1H, CH2), 1.52 (m, 1H, CH2), 1.62 (m, 2H, CH2), 2.01 (m, 2H, CH2), 2.27 (m, 1H, 

CH2), 2.68 (m, 3H, 2xCH2, CH), 3.00 (dd, 1H, CH, J = 7.2 Hz, 5.0 Hz), 3.16 (dtd, 1H, CH, J = 

9.8 Hz, 5.0 Hz, 2.6 Hz), 3.63 (s, 3H, CH3), 3.72 (s, 3H, CH3), 7.11 (m, 1H, H-Ar), 7.21 (m, 

4H, H-Ar). 13C-NMR (100.6 Hz, CDCl3)  22.7 (CH2), 23.4 (CH2), 24.2(CH2), 26.2 (CH2), 26.5 

(CH2), 35.5 (CH), 36.8 (CH), 39.6 (CH), 52.5 (CH3), 52.4 (CH3), 58.8 (C), 125.9 (2xCH=), 

126.5 (2xCH=), 128.5 (CH=), 134.7 (C=), 139.1 (C=), 140.3 (C=), 171.1 (CO), 171.3 (CO). 

 

5.4.10. Typical methodology for the preparation of bicyclopentenones 117–

120  

 

Under an atmosphere of argon, a solution of the enyne (1.0 mmol) and Co2(CO)8 (359 

mg, 1.05 mmol) in dry CH2Cl2 (0.06 M) was stirred at room temperature until TLC 

monitoring indicated full conversion. Me3NO·2H2O (3–10 mmol) was then added in one 

portion. Stirring was continued until TLC monitoring showed complete consumption of 

the cobalt-alkyne complex. The solvent was then evaporated under reduced pressure, 

and the residue was purified by column chromatography (petroleum ether/ethyl 

acetate) to give the desired bicyclopentenone. 

 

5.4.11. Characterization details for bicyclopentenones 117-119  

 

Dimethyl (3S,3aR,4S)-5-oxo-3,4-diphenyl-3,3a,4,5-tetrahydropentalene-2,2(1H) -

dicarboxylate (117). Enantiomeric excess determined by HPLC using Chiralpak IA column 

(87% hexane/2-propanol, flow 0.7 ml/min, λ= 220 nm). tR 16.4 min; tR 25.0 min. 1H NMR 

(CDCl3), δ:  3.12 (ddd, 1H, CH2, J = 18.7 Hz, 2.3 Hz, 1.2 Hz), 3.17 (s, 3H, CH3), 3.27 (d, 1H, 

CH, J= 3.3 Hz), 3.75 (pdt, 1H, CH, J = 12.9 Hz, 3.3 Hz, 1.3 Hz), 3.78 (s, 3H, CH3), 3.84 (d, 

1H, CH, J = 12.9 Hz), 3.86 (d, 1H, CH2, J = 18.7 Hz), 6.11 (ptd, 1H, CH=, J = 2.3 Hz, 1.2 Hz), 

6.85 (m, 2H, CH=), 7.08 – 7.22 (m, 8H, CH=). 13C NMR (CDCl3), δ: 36.7 (CH2), 52.5 (CH3), 

53.0 (CH3), 55.3 (CH), 56.9 (CH), 59.5 (CH), 65.6 (C), 125.1 (CH=), 126.9 (CH=), 127.7 

(CH=), 128.0 (CH=), 128.3 (CH=), 128.5 (CH=), 128.6 (CH=), 135.8 (C=), 138.1 (C=), 170.6 

(C=O), 171.2 (C=O), 181.9 (C=), 208.9 (C=O). 

Dimethyl (3S,3aS,4R)-5-oxo-3-phenyl-4-(trifluoromethyl)-3,3a,4,5-tetrahydro-

pentalene-2,2(1H)-dicarboxylate (118). Enantiomeric excess determined by HPLC using 

Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 ml/min, λ= 220 nm). tR 39.5 

min; tR 53.5 min. 1H NMR (CDCl3), δ: 2.80 (dq, 1H, CH, J = 9.8 Hz, 3.4 Hz), 3.07 (d, 1H, CH2, 

J = 18.7 Hz), 3.20 (s, 3H, CH3), 3.70 (s, 3H, CH3), 3.73 (m, 2H, 2xCH), 3.84 (d, 1H, CH2, J = 
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18.7 Hz), 6.01 (m, 1H, CH=), 7.25 (m, 5H, CH=). 13C NMR (CDCl3), δ: 36.5 (CH2), 49.5 (CH), 

52.8 (CH3), 53.2 (CH3), 54.7 (CH), 54.9 (q, CH, J= 27.4 Hz), 65.5 (C), 125.5 (CH=), 128.2 

(CH=), 128.2 (CH=), 128.7 (CH=), 135.2 (C=), 170.4 (C=O), 170.9 (C=O), 182.1 (C=O). 

Dimethyl (3S,3aR)-5-oxo-3-phenyl-3,3a,4,5-tetrahydropentalene-2,2(1H)-di-

carboxylate (119).17 Enantiomeric excess determined by HPLC using Chiralcel OJ-H 

column (87% hexane/2-propanol, flow 0.5 ml/min, λ= 220 nm). tR 24.6 min; tR 29.2 min. 
1H NMR (CDCl3), δ: 2.04 (dd, 1H, CH2, J = 18.6 Hz, 2.3 Hz), 2.54 (dd, 1H, CH2, J = 18.1 Hz, 

5.5 Hz), 3.05 (d, 1H, CH, J = 18.6 Hz), 3.15 (s, 3H, CH3), 3.61 (m, 2H, CH2), 3.74 (s, 3H, CH3), 

3.80 (d, 1H, CH, J= 18.6 Hz), 5.96 (s, 1H, CH=), 7.24 (m, 5H, CH=). 

 

5.4.12.  Typical methodology for the preparation of tricyclic 

cyclopentenones 121-133 

 

Under an atmosphere of argon, a solution of the enyne (1.0 mmol) and Co2(CO)8 (359 

mg, 1.05 mmol) in dry CH2Cl2 (0.06 M) was stirred at room temperature until TLC 

monitoring indicated full conversion. NMO (6 mmol) was then added portion wise at 0 

°C. Stirring was continued at room temperature until TLC monitoring showed complete 

consumption of the cobalt-alkyne complex. The solvent was then evaporated under 

reduced pressure, and the residue was purified by flash chromatography (petroleum 

ether/ethyl acetate) to give the desired tricyclic cyclopentenones. 

 

2.3.3.1. Characterization details tricyclic cyclopentenones 121-133 

 

Dimethyl (2a1S,4aR,7aS)-4-oxo-2,2a1,4,4a,5,6,7,7a-octahydro-1H-cyclopenta[cd] 

indene-1,1-dicarboxylate (121).11 Enantiomeric excess determined by HPLC using 

Chiralcel OJ-H column (87% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 nm). tR(major) 

33.0 min; tR(minor) 53.1.  1H-NMR (400 MHz, CDCl3)   0.68 (dq, 1H, J = 12.8 Hz, 2.6 Hz), 

1.01 (tdd, 1H, J = 13.6 Hz, 9.9 Hz, 3.8 Hz), 1.25 (m, 1H), 1.44 (m, 1H), 1.64 (m, 1H), 2.04 

(m, 1H), 2.70 (td, 1H, J = 9.5 Hz, 6.1 Hz), 2.96 (ddd, 1H, J = 13.3 Hz, 7.8 Hz, 6.4 Hz), 3.15 

(ddd, 1H, J = 20.7 Hz, 2.2 Hz, 1.1 Hz), 3.36 (t, J = 7.3 Hz), 3.62 (dt, 1H, J = 20.7 Hz, 2.0 Hz), 

3.76 (s, 3H), 3.77 (s, 3H), 5.84 (s, 1H).   

Dimethyl (2a1R,4aS,8aS)-4-oxo-2a1,4,4a,5,6,7,8,8a-

octahydrocyclopenta[cd]azulene-1,1(2H)-dicarboxylate (122).11 Enantiomeric excess 

determined by HPLC using Chiralcel OJ-H column (87% 2-propanol/hexane, flow 0.5 

ml/min, λ = 220 nm). tR(major) 23.7 min; tR(minor) 27.5 min.    1H-NMR (400 MHz, CDCl3)  

1.20  (m,  3H),  1.41  (m,  1H),  1.95  (m,  1H),  2.09  (m,  3H),  2.22  (m,  1H),  2.55  (ddd, 

1H,  J = 12.9 Hz, 7.7 Hz, 5.7 Hz), 3.00 (dt, 1H, J = 18.5 Hz, 1.1 Hz), 3.16 (dddt, 1H,  J = 13.3 

Hz, 7.1 Hz, 2.2 Hz, 1.4  Hz),  3.58  (ddt, 1H,  J = 18.5 Hz, 2.2 Hz,1.1 Hz),  3.77  (s, 3H),  3.78  

(s, 3H),  5.86  (td, 1H, J = 2.1 Hz, 1.1 Hz). 

Dimethyl 4-oxo-2a1,4,4a,5,6,6a-hexahydrocyclopenta[cd]pentalene-1,1(2H)-

dicarboxylate (123).11 Enantiomeric excess determined by HPLC using Chiralcel OJ-H 
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column (87% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 nm). tR(major) 45.5 min; tR(minor) 

66.5 min.  1H-NMR (400 MHz, CDCl3)  = 0.92 (tdd, 1H, J = 12.9 Hz, 11.5 Hz, 7.0 Hz), 1.58 

(dt, 1H, J = 12.9 Hz, 7.0 Hz), 1.79 (dd, 1H, J = 13.3 Hz, 7.0 Hz), 1.94 (tdd, 1H, J = 13.3 Hz, 

10.1 Hz, 6.8 Hz), 2.84 (dd, 1H, J = 10.1 Hz, 5.3 Hz), 2.91 (ddd, 1H,  J = 17.5 Hz, 2.0 Hz, 1.2 

Hz), 3.13 (dt, 1H, J = 11.5 Hz, 7.4 Hz), 3.55 (t, 1H, J = 6.2 Hz), 3.66 (d, 1H, J = 17.5 Hz), 3.71 

(s, 3H), 3.78 (s, 3H), 6.02 (t, 1H, J = 2.0 Hz). 

Dimethyl (2a1S,5aS,8aR)-1-oxo-2a1,3,4,5a,6,7,8,8a-octahydroacenaphthylene-

5,5(1H)-dicarboxylate (124). Enantiomeric excess determined by HPLC using Chiralcel 

OJ-H column (87% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 nm). tR(major) 26.0 min; 

tR(minor) 33.4 min. 1H-NMR (400 MHz, CDCl3)  1.50 (m, 3H, CH2), 1.70 (m, 3H, 2xCH2, CH), 

1.87 (m, 1H, CH2), 2.41 (q, 1H, CH, J = 7.6 Hz), 2.60 (m, 3H, 2xCH2 , CH), 2.75 (m, 1H, CH2), 

3.66 (m, 4H, CH3, CH), 3.75 (s, 3H, CH3), 5.80 (s, 1H, CH=). 13C-NMR (100.6 Hz, CDCl3)  

21.3 (CH2), 22.1 (CH2), 27.9 (CH2), 24.1 (CH2), 35.6 (CH2), 43.6 (CH), 45.7 (CH), 46.9 (CH), 

52.3 (CH3), 52.7 (CH3), 58.9 (C), 125.4 (CH=), 170.6 (CO), 171.3 (CO), 181.0 (C=), 210.6 

(CO). 

Dimethyl (2a1R,5aS,9aS)-1-oxo-1,2a1,3,4,5a,6,7,8,9,9a-decahydro-5H-

benzo[cd]azulene-5,5-dicarboxylate (125). Enantiomeric excess determined by HPLC 

using Chiralcel OJ-H column (90% 2-propanol/hexane, flow 0.5 mL/min, λ = 220 nm). 

tR(major) 12.2 min; tR(minor) 19.0 min. 1H-NMR (400 MHz, CDCl3)  1.24 (m, 2H, CH2), 1.64 (m, 

2H, CH2), 1.85 (m, 3H, CH2), 2.03 (m, 3H, 2xCH2, CH3), 2.51 (m, 3H, 2xCH2, CH3), 2.79 (m, 

1H, CH2), 2.97 (dd, 1H, CH, J = 12.7 Hz, 6.6 Hz), 3,74 (s, 3H, CH3), 3.78 (s, 3H, CH3), 5.88 

(t, 1H, CH=, J = 1.9 Hz). 13C-NMR (100.6 Hz, CDCl3)  27.1 (CH2), 28.8 (CH2), 29.7 (CH2), 

30.7 (CH2), 33.0 (CH2), 33.5 (CH2) 46.3 (CH), 48.3 (CH), 51.7 (CH), 52.3 (CH3), 52.8 (CH3), 

60.4 (C), 126.9 (CH=), 170.5 (CO), 172.1 (CO), 179.7 (C=), 210.5 (CO). 

Dimethyl (2aR,2a1S,7aS)-3-oxo-1,2,2a,2a1,3,5,6,7a-octahydro-7H-

cyclopenta[cd]indene-7,7-dicarboxylate (126). Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (87% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 

nm). tR(major) 29.4 min; tR(minor) 45.0 min. 1H-NMR (400 MHz, CDCl3)  1.22 (m, 2H, CH2), 

1.81 (m, 2H, CH2), 2.12 (m, 2H, CH2), 2.44 (m, 1H, CH2), 2.79 (m, 3H, 2xCH, CH2), 3.74 (m, 

1H, CH), 3.71 (s, 3H, CH3), 3.81 (s, 3H, CH3), 5.95 (s, 1H, CH=). 13C-NMR (100.6 Hz, CDCl3) 

 24.2 (CH2), 27.5 (CH2), 27.7 (CH2), 28.6 (CH2), 43.6 (CH), 48.2 (CH), 50.0 (CH), 52.7 (CH3), 

53.0 (CH3), 55.8 (C), 129.7 (CH=), 170.5 (CO), 171.5 (CO), 180.1 (C=), 211.6 (CO). 

Dimethyl (2a1S,4aR,7aS)-3-methyl-4-oxo-2,2a1,4,4a,5,6,7,7a-octahydro-1H-

cyclopenta[cd]indene-1,1-dicarboxylate (127).18 Enantiomeric excess determined by 

HPLC using Chiralcel OJ column (87% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 nm). 

tR(major) 20.6 min; tR(minor) 28.3 min. 1H-NMR (400 MHz, CDCl3)  0.63 (dq, 1H, CH2, J = 12.8 

Hz, 2.5 Hz), 0.93 (m, 1H, CH2), 1.20 (m, 1H, CH2), 1.39 (m, 1H, CH2), 1.63 (m, 1H, CH2), 

1.71 (m, 3H, CH3), 2.00 (m, 1H, CH2), 2.71 (m, 1H, CH), 2.94 (m, 1H, CH), 3.01 (d, 1H, CH2, 

J = 20.4 Hz), 3.22 (br.s, 1H, CH), 3.51 (d, 1H, CH2, J = 20.4 Hz), 3.75 (s, 3H, CH3), 3.77 (s, 

3H, CH3). 

Dimethyl (2a1S,4aR,8aS)-3-methyl-4-oxo-2a1,4,4a,5,6,7,8,8a-

octahydrocyclopenta[cd]azulene-1,1(2H)-dicarboxylate (128). Enantiomeric excess 
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determined by HPLC using Chiralcel OJ column (87% 2-propanol/hexane, flow 0.5 

ml/min, λ = 220 nm). tR(major) 16.9 min; tR(minor) 20.8 min. 1H-NMR (400 MHz, CDCl3)  1.01 

– 1.38 (m, 4H, CH2), 1.67 (br. s, 3H, CH3), 1.86 – 2.23 (m, 5H, CH2, CH), 2.52 (m, 1H, CH), 

2.88 (d, 1H, CH2, J = 18.4 Hz), 3.01 (m 1H, CH), 3.45 (d, 1H, CH2, J = 18.4 Hz), 3.76 (s, 3H, 

CH3), 3.77 (s, 3H, CH3). 13C-NMR (100.6 Hz, CDCl3)  8.5 (CH3), 27.3 (CH2), 28.2 (CH2), 30.2 

(CH2), 30.4 (CH2), 35.2 (CH2), 48.7 (CH), 48.9 (CH), 51.9 (CH), 52.7 (CH3), 52.8 (CH3), 62.4 

(C), 132.0 (C=), 171.4 (CO), 171.6 (CO), 175.1 (C=), 211.2 (CO). 

Dimethyl (2aS,2a1S,4aR)-6-methyl-5-oxo-2a,2a1,3,4,4a,5-

hexahydrocyclopenta[cd]pentalene-2,2(1H)-dicarboxylate (129). Enantiomeric excess 

determined by HPLC using Chiralcel OJ column (87% 2-propanol/hexane, flow 0.5 

ml/min, λ = 220 nm). tR(major) 30.9 min; tR(minor) 45.0 min. 1H-NMR (400 MHz, CDCl3)  0.77 

(m, 1H, CH2), 1.51 (dt, 1H, CH2, J = 13.6 Hz, 6.9 Hz), 1.71 (ps. t, 3H, CH3, J = 1.8 Hz), 1.75 

(m, 1H, CH2), 1.92 (tdd, 6.8 Hz, 1H, CH2, J = 13.6 Hz, 10.0 Hz), 2.80 (d, 1H, CH2, J = 18.0 

Hz), 2.84 (m, 1H, CH), 3.08 (dt, 1H, CH, J = 11.4 Hz, 7.3 Hz), 3.41 (m, 1H, CH), 3.60 (d, 1H, 

CH2, J = 18.0 Hz) 3.69 (s, 3H, CH3), 3.76 (s, 3H, CH3). 13C-NMR (100.6 Hz, CDCl3)  8.7 (CH3), 

25.4 (CH2), 31.1 (CH2), 34.4 (CH2), 46.2 (CH), 50.4 (CH), 52.7 (CH3), 53.1 (CH3), 55.3 (CH), 

62.6 (C), 136.7 (C=), 170.1 (CO), 172.4 (CO), 176.1 (C=), 212.0 (CO). 

Dimethyl (2a1S,4aR,7aS)-4-oxo-3-phenyl-2,2a1,4,4a,5,6,7,7a-octahydro-1H-

cyclopenta[cd]indene-1,1-dicarboxylate (130).18 Enantiomeric excess determined by 

HPLC using Chiralcel OJ column (87% 2-propanol/hexane, flow 0.5 ml/min, λ = 220 nm). 

tR(major) 24.1 min; tR(minor) 30.2 min. Major diastereoisomer: 1H-NMR (400 MHz, CDCl3)  

1.40 (m, 1H), 1.59 (m, 1H), 1.90 (m, 4H), 2.80 (m, 3H), 2.99 (d, 1H, J = 17.9 Hz), 3.67 (s, 

3H), 3.80 (s, 3H), 3.93 (d, 1H, J = 17.9 Hz), 7.37 (m, 3H), 7.56 (m, 2H).  

Dimethyl (2a1R,4aS,8aS)-4-oxo-3-phenyl-2a1,4,4a,5,6,7,8,8a-

octahydrocyclopenta[cd]azulene-1,1(2H)-dicarboxylate (131). Enantiomeric excess 

determined by HPLC using Chiralcel OD column (87% 2-propanol/hexane, flow 0.5 

ml/min, λ = 220 nm). tR(major) 14.3 min; tR(minor) 17.2 min. 1H-NMR (400 MHz, CDCl3)  1.25 

(m, 4H, CH2), 1.97 (m, 1H, CH2), 2.12 (m, 2H, CH2, CH), 2.71 (m, 1H, CH), 2.99 (d, 1H, CH2, 

J = 18.8 Hz), 3.19 (dd, 1H, CH, J = 13.3 Hz, 7.1 Hz), 3.71 (s, 3H, CH3), 3.81 (s, 3H, CH3), 3.83 

(d, 1H, CH2, J = 18.8 Hz), 7.37 (m, 3H, CH=), 7.56 (m, 2H, CH=). 13C-NMR (100.6 Hz, CDCl3) 

 27.6 (CH2), 28.2 (CH2), 30.2 (CH2), 30.3 (CH2), 37.1 (CH2), 48.3 (CH), 49.7 (CH), 52.0 (CH), 

52.8 (2xCH3), 62.6 (C), 128.1 (CH=), 128.3 (CH=), 128.4 (CH=), 131.2 (C=), 134.6 (C=), 

171.2 (CO), 171.4 (CO), 177.0 (C=), 209.9 (CO). 

Dimethyl (2aS,2a1S,4aR)-5-oxo-6-phenyl-2a,2a1,3,4,4a,5-

hexahydrocyclopenta[cd]pentalene-2,2(1H)-dicarboxylate (132). Enantiomeric excess 

determined by HPLC using Chiralcel OD column (87% 2-propanol/hexane, flow 0.5 

ml/min, λ = 220 nm). tR(major) 27.3 min; tR(minor) 30.4 min. 1H-NMR (400 MHz, CDCl3)  0.88 

(m, 1H, CH2), 1.61 (m, 1H, CH2), 1.90 (dd, 1H, CH2, J = 13.5 Hz, 7.0 Hz), 2.06 (ap tdd, 1H, 

CH, J = 13.5 Hz, 10.2 Hz, 7.0 Hz), 3.05 (dd, 1H, CH, J = 10.2 Hz, 5.3 Hz), 3.14 (dt, 1H, CH, J 

= 11.5 Hz, 7.2 Hz), 3.23 (dd, 1H, CH2, J = 18.3 Hz, 1.7 Hz), 3.61 (m, 1H, CH), 3.68 (s, 3H, 

CH3), 3.71 (dd, 1H, CH2, J = 18.3 Hz, 1.1 Hz), 3.82 (s, 3H, CH3), 7.40 (m, 3H, H-Ar), 7.52 (m, 

2H, H-Ar). 13C-NMR (100.6 Hz, CDCl3)  25.6 (CH2), 31.2 (CH2), 36.1 (CH2), 46.4 (CH), 51.8 
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(CH), 52.7 (CH3), 53.2 (CH3), 55.7 (CH), 63.1 (C), 128.4 (CH=), 128.5 (2xCH=), 128.5 

(2xCH=), 130.8 (C=), 139.2 (C=), 169.9 (CO), 172.4 (CO), 177.9 (C=), 209.8 (CO). 

Dimethyl (2a1S,5aS,8aR)-1-oxo-2-phenyl-2a1,3,4,5a,6,7,8,8a-

octahydroacenaphthylene-5,5(1H)-dicarboxylate (133) Enantiomeric excess 

determined by HPLC using Chiralcel OD column (87% 2-propanol/hexane, flow 0.5 

ml/min, λ = 220 nm). tR(major) 19.9 min; tR(minor) 25.2 min. 1H-NMR (400 MHz, CDCl3)  1.33-

3.02 (m, 10xCH2, 6xCH), 3.66 (s, 3H, CH3, major), 3.69 (s, 3H, CH3, major), 3.72 (s, 3H, 

CH3, minor), 3.77 (s, 3H, CH3, minor), 7.21-7.37 (m, 10xCH=).13C-NMR (100.6 Hz, CDCl3) 

 21.5-58.7 (CH, CH2), 52.2 (CH3, minor), 52.4 (CH3, minor), 52.7 (CH3, major), 57.7 (CH3, 

major), 127.3-173.7 (CH=, C=), 170.3 (CO, major), 170.7 (CO, major), 171.4 (CO, minor), 

171.6 (CO, minor), 205.0 (CO, major), 207.9 (CO, minor). 
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6.1. Introduction 

 

Phosphabarrelenes are two fused six-membered rings with a bicyclo[2.2.2]octa-

2,5,7-triene (barrelene) structure  where one or more of the carbons are substituted by  

phosphorous atom. The most common structure found in the literature is the 1-

phosphabarralene (Figure 6.1), although there are few examples regarding other 

structures such as 1,4-diphosphabarralene or 2-phosphabarralene.1 

 

 

Figure 6.1. Different types of phosphabarrelenes. 

 

1-Phosphabarrelenes are prepared by [4+2] cycloaddition to the corresponding 

phosphinine ring which acts as a diene and an alkyne (Scheme 6.1).2 In this regard, there 

are few examples of successful derivatization which involves the use of extremely 

reactive dienophiles in particular those bearing highly electron-withdrawing groups 

(such as -CF3 or -CN) or highly strained alkynes (benzyne derivatives, cyclooctyne, etc.). 

The first example of a successful preparation was attained by reacting 2,4,6-

triphenylphosphinine with hexafluoro-2-butyne gas at 100 °C in methyl cyclohexane.2 

 

 

 

Scheme 6.1. Preparation of 1-phosphabarrelene derivatives. 

 

Despite that, there are two strategies to allow Diels-Alder reaction using other less 

dienophilic alkynes. The first one is by reducing the aromaticity of the phosphinine ring, 

for example by the oxidation of the λ3-phosphinine to a λ5-phosphinine by reaction with 

molecular sulfur (134) or by using phosphininium cations (135).3 The second strategy is 

by coordination with a metal center prior the cycloaddition step (136). In this case, the 

reduced aromaticity of the system either allows cycloaddition reaction with other 

alkenes such as N-phenylmaleimide and cyclopentadiene or the alkyne counterpart 

dimethyl acetylenedicarboxylate.4 In Figure 6.2 is shown some examples of 1-

phosphabarrelenes achieved using these strategies. 
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Figure 6.2. Phosphabarralenes 134-136 obtained by other strategies. 

 

The electronic and steric properties of phosphabarrelene compounds have not been 

extensively studied. Nevertheless, there are some insights in the literature than can help 

to elucidate them. The reported CO stretching in monodentate phosphabarrelene 

containing complexes such as trans-[L2RhCl(CO)] are in the range of 1971-1993 cm-1, 

whereas the corresponding triphenylphosphine, triphenylphosphinite or the phosphite 

(P[O(2-tBuC6H4)3]) analogues have frequencies of 1965, 1999 and 2013 cm-1, 

respectively.5 Therefore, the electronic properties are in between phosphines and 

phosphinites or phosphites.  Regarding the steric properties of 1-phosphabarrelene 

ligands there are some estimated Tolman cone angle from the respective trans-

[L2RhCl(CO)] complexes with values about 161-181° which are similar to those reported 

for bulky phosphines analogues (P(tBu)3 and P(Cy)3, 182° and 170°, respectively).5c,
 

6 

Nevertheless, the estimation on other complexes such as Fe(II) o Ru(II) changed 

substantially the values obtained for Rh-complexes counterpart.7 This fact could indicate 

that despite their rigidity, the steric exerted by 1-phosphabarrelenes can be modulated 

depending on their coordination environment.  

To the best of our knowledge, the application of 1-phosphabarrelenes compounds 

as ligands in metal-catalyzed transformations are anecdotic.8 In this regard, 

monodentate phosphabarrelene ligands have been applied successfully in non-

asymmetric version of Pd-catalyzed cross coupling reactions (137),9 Pt-catalyzed 

hydrosilylation of alkenes (137),10 and Rh-hydroformylation(138) (Figure 6.3).5c  
 

 

Figure 6.3. 1-Phosphabarrelene ligands 137 and 138 applied in metal catalyzed reactions. 

 

In this respect, there is only one application of chiral phosphabarrelene containing 

ligands in asymmetric catalysis.11 Thus, Breit et al. reported the synthesis and use of 

several phosphabarrelene-phosphite ligands 139-142 in the asymmetric hydrogenation 

of dehydroamino acid derivatives and dimethyl itaconate (Figure 6.4). While high ee’s 

(up to 90%) were attained in the hydrogenation of dehydroamino acid derivatives, low 

enantioselectivity was attained with dimethyl itaconate (ee’s up to 19%). It should be 
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pointed out that the use of the analogous monodentate phosphabarrelene derivatives 

143-145 only provided low enantiocontrol in these reactions. 

 

 

Figure 6.4. 1-Phosphabarrelene-phosphite ligands 139-142 and monodentate 1-
phosphabarrelene ligands 143-145.  

 

Despite chiral phosphabarrelene-ligands have been scarcely used, related 

phosphanorbornadienes have found some interesting applications in asymmetric 

catalysis (Figure 6.5). In this sense, the C2-symmetric phosphanorbornadiene ligand 146 

has been successfully used in the Rh-catalyzed hydrogenation of some α-

acetamidocinnamic acids with ee’s up to >98%.12 Also, the heterodonor 

phosphanorbornadiene-oxazoline ligand 147 provided high enantioselectivities in the 

Pd-catalyzed asymmetric allylic substitution and intermolecular Heck reactions (ee’s up 

to 94% and 93%, respectively).13  

 

 

Figure 6.5. C2-symmetric phosphanorbornadiene ligand 146 and its heterodonor 
counterpart phosphanorbornadiene-oxazoline ligand 147. 

 

Encouraged by the promising results attained with heterodonor phosphabarrelene-

based ligands 139-142, Müller group published the first example of a heterodonor 

phosphabarrelene-pyridine ligand L16, synthesized from the corresponding phosphinine 

148 with hexafluorobutyne (Scheme 6.2).14 Although, the Diels-Alder with arynes was 

also evaluated, the pyridyl derivative only allowed the functionalization with this highly 

reactive dienophile.14 They also reported the coordination of L16 to Rh and W (149 and 

150 respectively, Scheme 6.2).14 
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Scheme 6.2. Preparation of the 1-phosphabarrelene-pyridine ligand L16 and its 
coordination to Rh and W. 

 

The photochemical transformation of barrelenes are also known.15 In this regard, the 

photoirradiation on barrelene yields semibullvalenes. Nevertheless, this type of 

rearrangement usually is not selective leading to the formation of several isomers. 

Furthermore, these semibullvalene derivatives were not stable showing decomposition 

over the time.15  In 2016, Müller’s group published the first example of photoirradiation 

of the phosphabarrelene 151 to form the 5-phosphasemivullvalene derivative 152 

(Scheme 6.3).16 In contrast with the barrelene counterpart, the phosphorous analogue 

yielded a single 5-phosphasemibullvalene, by a di-π-methane rearrangement, as a stable 

solid.  

 

 

Scheme 6.3. Irradiation of the 1-phosphabarrelene 151 to form the                                           
5-phosphasemibullvalene derivative 152. 

 
Later in 2019, the same group disclosed the selective photoirradiation of previously 

mentioned  Rh- and W-complexes containing the 1-phosphabarrelene-pyridine ligand 

L16 (Scheme 6.2), which yielded the corresponding 5-phosphasemibullvalene-pyridine 

complexes 153 and 154, respectively (Figure 6.6).14 Nevertheless, the direct 

photoirradiation of the single ligand L16 has not been reported.  
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Figure 6.6. 5-Phosphasemibullvalene complexes 153 and 154 prepared via photoirradiation 
of complexes 149 and 150, respectively. 

 

In addition, ligand L16 and the corresponding 5-phosphasemibullvalene derivative 

have never been tested in catalysis. For this reason, the preparation of a group of 1-

phosphabarrelene/5-phosphasemibullvalene-pyridine ligands is of high interest since 

their isolation as single enantiomer would lead to chiral ligands with a P-stereogenic 

center. The molecules containing a P-stereogenic element are of high importance to 

increase the ligand portfolio in asymmetric catalysis.17 To continue our quest in finding 

new improved ligand classes for asymmetric catalysis we include here the development 

of new 1-phosphabarrelene/5-phosphasemibullvalene-pyridine compounds (Figure 

6.7). In addition, we also improved the yield of the previously synthesized ligand L18 by 

optimization of the reaction conditions.  

 
 

 

Figure 6.7. 1-Phosphabarrelene-pyridine ligands L16 and L17 and 5-
phosphasemibullvalenes-pyridine ligands L18-L21. 

 

 

6.2. Results and discussion 
 

6.2.1. Preparation of a new phosphinine-pyridine compound 155  

 

Following the methodology reported by Müller group for the preparation of 

phosphinine-pyridine compound 148 (Scheme 6.2),18 we also prepared the phosphinine-

pyridine compound 155 with differ in the presence of a tert-butyl group at the ortho 

position of the phosphinine moiety (Scheme 6.4). For this, we synthesized the 

corresponding (E)-benzylidenepinacolone 156 by condensation reaction between 

pinacolone and benzaldehyde. With this chalcone derivative we synthesized the 

corresponding diketone 157 by condensation with 2-acetylpyridine in quantitative 
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yields. The reaction of 157 with HBF4·OEt2 yielded the corresponding pyrylium salt 158 

in 85% yield after recrystallization. Then, the reaction of 158 with P(TMS)3 gave the 

corresponding phosphinine-pyridine compound 155 in 30% yield after flash 

chromatography isolation. 

 

  
a) tBu-Chalcone 156 (1 equiv), 2-acetylpyridine (1 equiv), NaOH (1 equiv). 30 min. b) 157 (1 equiv), 

chalcone (1 equiv), HBF4·OEt2 (8 equiv). 3 h at 70 °C. c) 158 (1 equiv), P(TMS)3 (2.1 equiv), 6 h acetonitrile 

reflux. 

Scheme 6.4. Preparation of phosphinine-pyridine compound 155. 
 

6.1.1. Preparation of ligands L16 and L17 

 

With compounds 148 and 155 in hand, we next studied their derivatization to 1-

phosphabarrelene-pyridine ligands L16 and L17 by Diels-Alder reaction (Scheme 6.5). 

 

 

Scheme 6.5. Diels Alder reaction on phosphinines 148 and 155 to yield L16 and L17, 
respectively. 

 

As already commented in the introduction, the preparation of L16 was already 

reported by Müller’s group.14 Thus, the reaction of 148 with hexafluorobutyne in 

methylcyclohexane at 85 °C for 3 days yielded the L16, but in only 17% yield after 

recrystallization (20% conversion by 31P{1H}-NMR, Scheme 6.2). To improve the yield, we 

decided to change the solvent to toluene since it allows to work at higher temperatures. 

We first increased the temperature to 100 °C achieving 34% of conversion. To our 

delight, when temperature was increased to 120 ° and the reaction time was increased 

to 5 days, we attained an 80% of conversion.  

We also studied the use of methylcyclohexane as solvent. However, we found as 

already reported that at temperatures higher than 85 °C the retro Diels-Alder product 

(formed after the release of phenylacetylene) is also attained in this solvent.14   
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With these optimized conditions, we then attempted the synthesis of the 1-

phosphabarralene derivative with a tBu group (ligand L17). In this regard we could attain 

the Diels-Alder of 2-tert-butyl phosphinine-pyridine 155 to afford the corresponding 1-

phosphabarrelene ligand L17 in 55% yield.  

In order to confirm that the ligand L17 was racemic we prepared the corresponding 

(+)-camphorsulfonic diastereomeric acid-base adduct 159 (Figure 6.8). For this, we 

prepared an equimolar mixture of L17 and (+)-camphorsulfonic and we analyzed it by 
1H- and 31P{1H}-NMR using d6-benzene as solvent. We could not observe any splitting of 

the signals in 1H-NMR. Nevertheless, the 31P{1H}-NMR was more indicative, showing two 

quartets one of each diastereoisomer in a 1:1 ratio.  

 

 

Figure 6.8. 31P{1H}-NMR showing the two signals regarding the diastereiomeric acid-base 
adduct 159. 

 

The next step for their application in asymmetric catalysis was to attempt the 

separation of the two enantiomers of each ligand. For this, we performed an HPLC study.  

Initially, we studied the stability of the 1-phosphabarrelene ligands towards their 

oxidation in solution. The respective 31P{1H}-NMR analysis of an isopropanol solution of 

L16 and L17 indicated that the ligands were robust enough to be separated by chiral 

semipreparative HPLC since no oxidation was observed even for 5 days. After testing 

different chiral columns (Chiralcel OJ-H and OD-H as well as Chiralpak IA, IB, IC and AD 

columns) and conditions, we found that the separation of ligands can be achieved by 

using semipreparative Chiralcel OD-H column.  

 

6.2.2. Preparation of metal complexes of ligand L16 and L17 

  

The first complex that we attempted to prepare was the [Rh(COD)L17]BF4 160 

(COD=1,5-cyclooctadiene) since we can compare its structure with the analogous with 

ligand L16 already prepared in Müller’s group.14 We chose this complex since this type 
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of cationic complexes are usually used as catalyst precursors for the hydrogenation of 

functionalized olefines.19 In this respect, we reacted equimolarly L17 with [Rh(COD)2]BF4 

in CH2Cl2 (Scheme 6.6). The coordinated complex was immediately detected by 31P{1H}-

NMR showing a JP-Rh = 170 Hz and a JP-F = 10 Hz. 

 

 

Scheme 6.6. Preparation of Rh (I) complex 160.  

 

 

Figure 6.9. 31P{1H}-NMR of Rh(I) complex 160.  

 

A crystal suitable for x-ray diffraction were obtained by slow diffusion of toluene into 

fluorobenzene solution of 160 (Figure 6.10). The geometry of the metal center is a 

slightly distorted square plane (P1-Rh1-C29: 154.1°, P1-Rh1-C28: 169.1°, N1-Rh1-C25: 

154.2°, N1-Rh1-C32: 168.7°, C25-Rh1-C28: 78.9°, C29-Rh1-C32: 80.7°). For comparation 

purposes a selected set of angles are shown in Table 6.1 and compared with the 

analogous complex with ligand L16. 

Comparing with the analogue complex with L1614 we could observe a more open 

angle between the C1-P1-C5 whereas the angle for C1-P1-Rh1 decreased. This indicate 

that the presence of the tert-butyl pushes slightly the rest of the molecule towards the 

pyridine. This fact could be also observed when the bond distances are analyzed. 

Whereas for 149, the values of Rh1-N1 are 2.161Å for the complex 160 with L16 is 
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2.163Å. A higher difference is found for P1-Rh1 distance. Also, for complex 161, we 

found a P1-Rh1 distance of 2.284Å which are larger than the reported with the Ph-

derivative is 2.240Å.  

 
 

Table 6.1. Comparation between the published Rh complex of L16 and those obtained for 
160. 

 

Angle Value for 160 
Published value for Rh complex 

of L16 

C1-P1-C5 98.1 97.2 
C6-P1-C1 97.2 98.9 
C6-P1-C5 95.5 91.9 
P1-Rh-N1 81.7 81.6 
C6-P1-Rh1 128.3 128.3 
C1-P1-Rh1 101.8 104.5 

 

 

 

 

Figure 6.10. XR-structure of 160 in the crystal. Hydrogens are omitted for clarity.  

 

We next attempted the synthesis of Re(I) complex of L17 (Scheme 6.7). For this, we 

reacted L17 with Re(CO)5Br overnight at 80 °C in toluene. Then, the solvent was 

evaporated, and the complex washed with pentane to afford 161 as a white solid. To 

our delight, we could attain a suitable crystal for x-ray by slow diffusion of pentane to a 

solution of 161 in dichloromethane (Figure 6.11). The crystallographic analysis of Re(I) 

complex 161 indicated that the shape on the metal center has a slightly octahedral 

geometry (Br1-Re1-C26: 96.0°, C25-Re1-C26: 88.1°, C26-Re1-C27: 90.0°, Br1-Re1-N1: 
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82.7°, Br1-Re1-P1: 80.65°). We could observe the same effect of the tert-butyl group of 

the Rh-complex 160 since this group pushes one of the equatorial CO groups causing the 

distortion observed. The bond distances on the 1-phosphabarrelene were comparable 

to those obtained with the Rh(I) complex 160. 

 

 

Scheme 6.7. Preparation of Re(I) complex 161. 

 

 

Figure 6.11. XR-structure of 161 (hydrogens are omitted for clarity).  

 

We next prepared [W(CO)4L17] complex 162 following also the methodology 

described by Müller’s group using L16.14 For this, we first prepared the corresponding 

precursor W(CO)4(THF)2 by UV irradiation of W(CO)6 in a THF solution.20 Then, we 

reacted L17 with the freshly prepared precursor in a equimolar 1:1 ratio at 50 °C in THF 

for 12 h (Scheme 6.8). Then, the reaction mixture was analyzed by 19F and 31P NMR. We 

could observe the formation of the desired product 162, which shows the expected 

satellites due to the P-W coupling in 31P{1H} (Figure 6.12), but in contrast with the 

reported W/L16 complex, we also observed the presence of the 5-

phosphasemibullvalene derived complex 163 (at signal 89.5 ppm (10%)), which 

indicated that compound 162 reacts with light. 
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Scheme 6.8. Preparation of W(0) complex with L17. 

 

 

Figure 6.12. 31P{1H}-NMR of W(0) complex 162 showing the P-W satellites and the W/5-
phosphasemibullvalene by-product 163.  

 

Then, we decided to study for the first time the coordination of both 

phosphabarrelene-pyridine ligands (L16 and L17) to Ir and Pd, since our initial intention 

was to evaluate the catalytic performance of ligands L16 and L17 in the Ir-catalyzed 

asymmetric hydrogenation of unfunctionalized olefins and Pd-catalyzed asymmetric 

allylic substitution reactions. For the synthesis of the Ir-complexes, we first reacted the 

corresponding ligand L16 and L17 with the iridium precursor [Ir(COD)Cl]2 in 

dichloromethane. After 30 minutes, the chloride anion was exchanged with NaBArF and 

both reactions were purified by flash chromatography (Scheme 6.9) to yield the 

corresponding iridium complexes 164 and 165 in excellent yields. It should be 

mentioned that for the preparation of these iridium complexes, the reaction and the 

purification should be done at dark since these complexes reacted in solution under 

sunlight. Complexes 164 and 165 were characterized by 31P{1H}, 19F{1H}, 1H and 13C{1H} 

NMR spectra and MS spectrometry. All data agreed with the assigned structures. 

Unfortunately, we were unable to obtain crystal of sufficient quality to perform X-ray 

diffraction measurements. With the aim to achieve good crystals, we also prepared the 

corresponding complexes with other counterions: BF4
-, Cl- and PF6

-. Nevertheless, any of 

them afforded a suitable crystal for x-ray diffraction. 
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Scheme 6.9.  Preparation of Ir(I)-complexes 164 and 165.  

 

Finally, we initiated the complexation studies to Pd.  For this, we reacted a 1:1 molar 

ratio of L17 with Pd(COD)Cl2 in CH2Cl2. Then, the solvent was evaporated, and the 

complex washed several times with pentane to afford 166 in 92% yield as a pale-yellow 

solid (Scheme 6.10). To our delight, we could attain crystals suitable for x-ray 

measurement by slow diffusion of pentane over a CH2Cl2 solution of 166 (Figure 6.13). 

 

Scheme 6.10. Preparation of Pd(II) complex 166. 

 

Figure 6.13. XR-structure of 166 in the crystal. Hydrogens are omitted for clarity.  
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The angle analysis indicated that the metal center is slightly distorted square planar 

(N1-Pd1-P1: 83.6, Cl2-Pd1-P1: 89.52, Cl1-Pd1-N1: 95.8, Cl1-Pd1-Cl2: 91.58). This 

distortion seems to be caused for the presence of the tert-butyl group which pushes the 

Cl-2 atom up to the equatorial plane. The distances found on the ligand were 

comparable with those found for Rh(I) complex 160. 

 

6.2.3. Irradiation studies of 1-phosphabarrelenes L16 and L17 and their 

complexes. Preparation of 5-phosphasemibullvalene-pyridine analogues 

 

As commented in the introduction of this chapter, barrelenes undergo di-π-

rearrangement when irradiated with UV light to yield the corresponding 

semibullvalenes.15, 21 it is reported that the rearrangement on CF3-substitued barrelene 

167 yields at least 3 different products 168-170 in a proportion of 4:2:1, respectively 

(Scheme 6.11). This reaction has shown to be more selective with phosphabarrelenes, 

especially when the 1-phosphabarrelene is coordinated to a metal center.14, 16  

 

 

Scheme 6.11. Photochemical rearrangement of CF3-disubstituted barrelene 167.  

 

The proposed mechanism for the rearrangement on 1-phosphabarrelenes agrees 

with the radical mechanism studied by Zimmerman for the barrelenes counterpart (see 

Scheme 6.12).16, 22 The higher selectivity observed for the phosphorous analogues has 

been attributed to the fact that α-aryl groups to the phosphorous helps to stabilize the 

corresponding radicals formed during the rearrangement. Therefore, the presence of a 

α- tert-butyl group to the phosphorous could be even more beneficial for this process 

since the tert-butyl group can help to further stabilize the radical and therefore the 

reaction could proceed more selectively.  

 

Scheme 6.12. Proposed mechanism for the irradiation of L16 to yield 5-
phosphasemibullvalene-pyridine L18. 

 

First, we studied the irradiation of [Rh(CO)Cl(L17)] 171 complex analogously as 

reported for [Rh(CO)Cl(L16)]. Complex 171 was prepared in situ by reaction of L17 with 
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[Rh(CO)2Cl]2 in CH2Cl2. Then, the complex was irradiated with UV light for 30 minutes. 

The 31P{1H}-NMR spectrum showed the formation of a new Rh specie corresponding to 

[Rh(CO)Cl(L19)] (Figure 6.14). In contrast with the irradiation of [Rh(CO)Cl(L16)] that 

yields a mixture of [Rh(CO)Cl(L18)] and an unidentified product at a ratio of 10:114, the 

irradiation of [Rh(CO)Cl(L17)] was much more selective forming exclusively the new 

semibullvalene complex [Rh(CO)Cl(L19)] 172. 

 

 

Scheme 6.13. Preparation of Rh(I) semibullvalene complex 172. 

 

Figure 6.14. 31P{1H}-NMR of irradiated Rh(I) complex 172.  

 

To confirm the increased selectivity of the transformation when ligand L17 is used 

instead of L16, we also studied the irradiation of W-complex 162 (Scheme 6.14). To our 

delight, the irradiation of 162 was also selective affording the corresponding complex 

[W(CO)4(L19)] 163.  
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Scheme 6.14. Irradiation of the W(0) complex 162. 

 

 

Figure 6.15. 31P{1H}-NMR of irradiated W(0) complex 163. 

 

Taking into account the highly selective transformation of complexes containing 

ligand L17 to the corresponding 5-phosphasemibullvalene derivative, we envisaged the 

synthesis of 5-phosphasemibullvalene L19 using the cheapest Cu-complex. For this, we 

prepared in situ and irradiated the copper complex Cu(L17)2PF6 173 for 30 min (see 

Experimental Section for the synthesis of copper complexes). After that, we added the 

strongly chelating ligand dppp (1,3-bis(diphenylphosphino)propane) and we observed 

the decomplexation of L19 (reaction followed by 31P-NMR). Finally, the                                                

5-phosphasemibullvalene L19 were easily isolated by flash chromatography (60 % yield).  

 

 

Scheme 6.15. Irradiation and decomplexation of copper complex 173. 
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Following the same methodology, we also synthesized the copper complex with L16 

counterpart Cu(L16)2PF6 174. Nevertheless, in this case the reaction was less selective 

attaining L18 and the same 5-phosphabarrelene isomer already reported by Müller et 

al.14  

Finally, we decided to do the direct irradiation of the 1-phosphabarrelene ligands 

L16 and L17 (Scheme 6.15). We first irradiated L17, which we expect to be more 

selective.  After 12 h, the formation of two species at a ratio of 1:1 was observed by 
31P{1H}-NMR (Figure 6.15a). One of the species corresponds to the expected 5-

phosphasemibullvalene-pyridine L19 while the other species has been attributed to 5-

phosphasemibullvalene-pyridine L21. The latter appears down-shield shifted in the 
31P{1H} NMR, which indicate that the ligand suffered a Cope-rearrangement.  Both 

compounds were easily separated by column chromatography. When L16 was irradiated 

we observed the presence of two major species analogues to those observed for L17, 

which has been attributed to 5-phosphasemibullvalene-pyridines L18 and L20, and 

another four minor species (in a proportion 3:7 respect to the major species; Figure 

6.15b). 

 
 

 

Scheme 6.16. Irradiation of the ligands L16 and L17. 

 

 

Figure 6.16. 31P{1H}-NMR spectra of a) irradiation of L16, b) irradiation of L17 in CH2Cl2. 
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6.3. Conclusions 

 

We have developed for the first time the synthesis of a reduced but valuable chiral 

phosphabarralene-pyridine family of ligands designed to be applied in the near future in 

some asymmetric catalytic processes. We managed to improve the synthetic yield of 

previous phosphabarralene-pyridine by optimization of the reaction conditions. These 

optimizations were also successfully applied to the synthesis of another 

phosphabarralene-pyridine ligand, with different substituent decorating the 

phosphabarrelene moiety. The study of the irradiation of phosphabarrelene-pyridine 

containing complexes indicated that two new set of 5-phosphasemibullvalene ligands 

could be obtained. Furthermore, the irradiation of the ligands indicated that whereas 

for the reported ligand the irradiation was less selective, the new tBu ligand showed to 

be more promising since only two species were formed. 

 

6.4. Experimental Part 

 

All reactions were carried out using standard Schlenk techniques under an argon 

atmosphere. Commercial chemicals were used as received. Solvents were dried by 

means of standard procedures and stored under argon. NMR spectra were recorded 

with a JEOL ECX 600 (1H NMR 600 MHz), a JEOL ECX400, a JEOL ECAII 400 NMR 

Spectrometer (1H NMR 400 MHz), JEOL ECP 500 NMR Spectrometer (1H NMR 500 MHz) 

or a Brucker AVANCE III 700 NMR Spectrometer (1H NMR 700 MHz). Chemical shifts are 

relative to that of SiMe4 (1H and 13C{1H}) as an internal standard. The NMR copies can be 

found in the electronic supporting information provided with this thesis. For reactions 

under UV radiation a Osram Ultra Vitalux 300W lamp was used. Chalcone 157 was 

prepared as reported.23  

 

6.4.1. Preparation of 1,5-diketone 157 

 

Chalcone 156 (3.77 g, 20 mmol), NaOH (0.80 g, 20 mmol) and 2-acetylpyridine (2.42 

g, 20 mmol) were mixed in a mortar for 20 minutes until a sticky white solid were 

obtained. After that, the solid was dissolved with H2O and Et2O and transferred to an 

extraction funnel. Then, the organic phase was separated, and the aqueous phase 

extracted twice with Et2O. The combined organic phase was washed with brine, dried 

with MgSO4 and evaporated under reduced pressure to afford 157 as white solid (5.54 

g, 89%). 
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6.4.2. Characterization details for 1,5-diketone 157 

 
1H NMR (600 MHz, CDCl3), δ: 1.00 (s, 9H, tBu), 2.86 (dd, 1H, CH2, J = 17.5 Hz, 6.8 Hz), 

2.93 (dd, 1H, CH2, J = 17.5 Hz, 7.2 Hz), 3.46 (dd, 1H, CH2, J = 17.4 Hz, 6.8 Hz), 3.70 (dd, 

1H, CH2, J = 17.4 Hz, 7.2 Hz), 3.95 (ap p, 1H, CH, J = 7.1 Hz), 7.11 (m, 1H, CH=), 7.24 (m, 

4H, CH=), 7.40 (m, 1H, CH=), 7.75 (t, 1H, CH=, J = 7.6 Hz), 7.92 (d, 1H, CH=, J = 7.9 Hz), 

8.62 (d, 1H, CH=, J = 4.7 Hz). 13C NMR (151 MHz, CDCl3), δ: 26.2 (tBu), 36.1 CtBu), 43.4 

(CH2), 43.6 (CH), 44.1 (CH2), 121.9 (CH=), 126.4 (CH=), 127.1 (CH=), 127.7 (2xCH=), 128.4 

(2xCH=), 136.9 (CH=), 144.7 (C=), 148.9 (CH=), 153.5 (C=), 200.1 (CO), 213.9 (CO). 

 

6.4.3. Preparation of pyrilium salt 158 

 

HBF4·OEt2 (62.7 g, 387.8 mmol) was added to a mixture of 1,5-diketone 157 (15 g, 

48.5 mmol) and (E)-Chalcone (10 g, 48.48 mmol) at room temperature. Then, the 

reaction mixture was stirred at 70 °C for 3 h. After allowing the reaction mixture to cool 

down to room temperature Et2O was added and the yellow precipitate was collected, 

washed several times with Et2O and recrystallized from hot methanol to obtain the 

pyrilium salt 158 as yellow needles (11.8 g. 65%). 

 

6.4.4. Characterization details for pyrilium salt 158 

 
1H NMR (500 MHz, CDCl3), δ: 1.68 (s, 9H, tBu), 7.67 (m, 4H, CH=), 8.08 (td, 1H, CH=, J 

= 7.8 Hz, 1.7 Hz), 8.17 (m, 2H, CH=), 8.23 (d, 1H, CH=, J = 1.8 Hz), 8.37 (dt, 1H, CH=, J = 

7.9 Hz, 1.0 Hz), 8.85 (ddd, 1H, CH=, J=4.7 Hz, 1.7 Hz, 0.9 Hz), 9.05 (d, 1H, CH=, J=1.8 Hz). 

13C NMR(126 MHz, CDCl3): δ = 28.6 (tBu), 39.5 (CtBu), 116.1 (CH=), 116.9 (CH=), 124.2 

(CH=), 128.6 (CH=), 129.9 (2xCH=), 130.5 (2xCH=), 132.9 (CH=), 135.7 (CH=), 138.5 (CH=), 

146.3 (C=) 151.1 (C=), 168.4 (C=), 169.7 (C=), 186.7 (C=). 

 

6.4.5. Preparation of phosphinine 155 

 

To a solution of the corresponding pyrylium salt (10 g, 26.5 mmol) in dry acetonitrile 

(70 ml) was added dropwise P(TMS)3 (14 g, 55.7 mmol) under argon. After that, the 

resulting red solution was stirred for 6 h under reflux. After that, the solvent was 

evaporated, and the reaction mixture dissolved in THF and packed with dry SiO2 under 

argon. The purification by flash chromatography of the reaction crude (gradient 100% 

hexanes to 8:2 hexanes:EtOAc) afforded the corresponding phosphinine ligands as a red 

solid (2.4 g, 30%). 
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6.4.6. Characterization details of 155 

 

2-(6-(tert-Butyl)-4-phenylphosphinin-2-yl)pyridine (155). 31P{1H} NMR (242.95 Hz, 

CD2Cl2), δ: 190.7 (s). 1H NMR (564.73, CD2Cl2), δ: 1.59 (d, 9H, tBu, J = 1.5 Hz), 7.27 (dt, 1H, 

CH=, J =7.4 Hz, 2.9 Hz), 7.43 (m, 1H), 7.51 (m, 2H, CH=), 7.71 (dd, 2H, CH=, J = 8.3 Hz, 1.3 

Hz), 7.76 (td, 1H, CH=, J = 7.7 Hz, 1.3 Hz), 7.98 (dd, 1H, CH=, J = 8.0 Hz, 1.2 Hz), 8.19 (dd, 

1H, CH=, J = 6.5 Hz, 1.3 Hz), 8.59 (dd, 1H, CH=, J = 5.5 Hz, 1.3 Hz), 8.70 (ddd, 1H, CH=, J = 

4.8 Hz, 1.9 Hz). 13C NMR (125.77 MHz, CD2Cl2), δ: 32.9 (d, tBu, J = 12.4 Hz), 39.2 (d, C-tBu, 

J = 21.3 Hz), 121.3 (d, CH=, J = 14.4 Hz), 122.6 (d, CH=, J = 1.8 Hz), 127.9 (CH=), 127.9 (d, 

2xCH=, J = 1.6 Hz), 129.0 (2xCH=), 130.8 (ap t, 2xCH=, J = 12 Hz), 136.9 (CH=), 142.8 (d, 

C=, J =3.1 Hz), 143.4 (d, C=, J =14 Hz), 149.9 (CH=), 159.9 (d, C=, J = 25.4 Hz), 168.0 (d, C=, 

J = 49.9 Hz), 185.5 (d, C=, J = 57.7 Hz). 

  

6.4.7. Preparation of phosphabarrelene L17 

 

A solution of 156 (4.5 g, 12.8 mmol) in toluene (25 ml) was degassed 3 times under 

freeze-pump cycles. After that, the flask was immersed into a liquid N2 bath and 

hexafluorobutyne (3.7 g, 23 mmol) condensed into the reaction flash. Then, the reaction 

mixture was allowed to reach room temperature and stirred for 3 days at 120 °C. After 

that, the solvent was evaporated and reaction mixture was purified by flash 

chromatography (gradient 300:1 to 5:1 hexanes:EtOAc) to afford the corresponding 

phosphabarrelene as a pale yellow solid (3.8 g, 55%).  

 

6.4.8. Characterization details for L17 

 

7-(tert-Butyl)-4-phenyl-5,6-bis(trifluoromethyl) bicyclo [2.2.2] octa-2,5,7-trien-2-

yl) pyridine (L17). 31P{1H} NMR (242.95 Hz, CD2Cl2), δ: -70.23 (q, J = 38.2 Hz). 19F{1H} NMR 

(564.73 MHz, CD2Cl2) :  -55.15 (m, 3F, CF3), -54.75 (m, 3F, CF3). 1H NMR (400 MHz, 

CD2Cl2) : 1.21 (s, 9H, tBu), 7.19 (ddd, 1H, CH, J = 6.8 Hz, 4.8 Hz, 1.8 Hz), 7.37 (dd, 1H, CH, 

J = 7.2 Hz, 1.8 Hz), 7.44 (m, 1H, CH), 7.52 (dd, 2H, CH, J = 8.5 Hz, 6.8 Hz), 7.70 (m, 2H, 

CH), 7.80 (d, 2H, CH, J =7.8 Hz), 8.59 (dd, 1H, CH, J = 4.8 Hz, 1.5 Hz), 8.65 (dd, 1H, CH, J = 

5.9 Hz, 2.3 Hz). 13C NMR (101.40 MHz, CD2Cl2), δ: 28.8 (d, tBu, J = 8.6 Hz), 36.5 (d, C-tBu, 

J =24.0 Hz), 66.1 (d, 1H, CH, J = 5.1 Hz), 120.4 (d, J = 12.9), 122.9, 128.1, 128.7, 129.4, 

136.9, 169.4, 144.8, 149.8, 152.7 (m), 154.8 (d, CH, J = 27.2 Hz), 164.3 (d, J = 22.6 Hz). 

 

6.4.9. Preparation of rhodium(I) cyclooctadiene complex 160 

 

To a solution of Rh(COD)2BF4 (16 mg, 0.039 mmol) in CH2Cl2 (2 ml), L17 (18 mg, 0.039 

mmol) was added, and the resulting orange solution stirred for 10 min. After that, the 
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solvent was evaporated, and the crude complex was washed with pentane (3 x 1 ml) and 

dried under high vacuum to afford the corresponding Rh complex 160 as a yellow solid 

(29 mg, 98%). Crystals suitable for x-ray were obtained by diffusion of toluene into a 

fluorobenzene solution of 160. 

 

6.4.10. Preparation of rhenium(I) complex 161 

 
 

To a solution of Re(CO)5Br (18 mg, 0.044 mmol) in toluene (1 ml) was added L17 (21 

mg, 0.044). Then, the reaction mixture was stirred overnight at 80 °C. After that, the 

toluene was evaporated to afford the corresponding Re(I) complex 161 (33 mg, 89%). 

 

6.4.11. Preparation of tungsten (0) complex 162 

 

To a solution of a freshly prepared W(CO)4(THF)2 (26 mg, 0.058 mmol) in THF (1 ml), 

L17 was added (27 mg, 0.058 mmol) and the resulting mixture stirred overnight at 80 °C. 

After that, the solvent was evaporated, and the crude complex washed with pentane (2 

x 1 ml) and dried under high vacuum. The complex was obtained as a yellow solid which 

contained a mixture of W(CO)4(L17) 162 and W(CO)4(L19) 163 in a proportion 9:1, 

respectively, as detected by 31P NMR. 

 

6.4.12. Preparation of iridium complexes 164 and 165 

 

To a light protected solution of [Ir(COD)Cl]2 precursor (0.5 equiv) in CH2Cl2, the 

corresponding ligand L16 or L17 was added (1 equiv). After stirring at room temperature 

for 30 min, NaBArF (1.1 equiv) and water were added. The biphasic mixture was stirred 

for a further 30 min. Then, the aqueous phase was decanted, and the organic phase 

dried over MgSO4. Flash chromatography (CH2Cl2) at dark of the organic phase afforded 

the corresponding Ir complexes 164 or 165 as a red-orange solids. 

 

 

6.4.13. Preparation of Pd (II) complex 166 

 

To a solution of Pd(COD)Cl2 (12 mg, 0.042 mmol) in CH2Cl2 was added L17 (20 mg, 

0.042 mmol). After stirring for 30 minutes, the solvent was evaporated, and the crude 

complex washed with pentane to afford the corresponding Pd 166 complex as a yellow 

solid (24 mg, 92%). Crystals suitable for x-ray diffraction were obtained by slow diffusion 

of pentane into a CH2Cl2 solution of 166. 
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6.4.14. Characterization details of metal complexes 160-166 

 

[Rh(COD)L17]BF4 (160). 31P{1H} NMR (242.95 Hz, CD2Cl2), δ: -18.56 (dq, J = 170 Hz, 

10.14 Hz). 19F{1H}  NMR (564.73, CD2Cl2), δ: -152.3 (s, 3F, BF4), -152.2 (s, 1F, BF4), -54.51 

(ap q, 1F, CF3, J = 12.4 Hz), -53.52 (q, 1F, CF3, J = 12.4 Hz). 1H NMR (564.73, CD2Cl2), δ: 

1.47 (s, 9H, tBu), 2.41 (m, 4H, CH2), 2.62 (m, 4H, CH2), 5.03 (m, 1H, CH=), 5.22 (m, 1H, 

CH=), 5.53 (m, 1H, CH=), 5.85 (m, 1H, CH=), 7.36 (d, 1H, CH), 7.56 (m, 2H, CH), 7.63 (m, 

1H, CH), 7.77 (m, 3H, CH), 8.03 (d, 1H, CH, J = 6 Hz), 8.14 (m, 2H, CH), 8.87 (d, 1H, CH, J 

= 15 Hz). 13C NMR (564.73, CD2Cl2), δ: 27.7-32.6 (CH2-COD), 29.9 (CH3, tBu), 36.5 (d, C-
tBu, J = 15.1 Hz), 63.9 (d, CH, J = 12.6), 79.2-84.3 (CH-COD), 122.1-160.0 (Aromatic 

carbons, CF3, C-P). MS HR-ESI [found 678.1232, C32H32F6NPRh (M-BF4)+ requires 

678.1245]. 

Re(CO)(L17)Br (161). 31P{1H} NMR (162 MHz, CD2Cl2) :  -19.67 (br. m). 19F{1H} NMR 

(375 MHz, CD2Cl2) :  -55.73 (q, 3F, CF3,  J = 13.4 Hz), -48.72 (dq, 3F, CF3, J = 16.8 Hz, 13.2 

Hz). 1H NMR (400 MHz, CD2Cl2) : 1.35 (s, 9H, tBu), 7.33 (ddd, 1H, CH, J = 7.3 Hz, 5.8 Hz, 

1.8 Hz), 7.51 (d, 1H, CH, J = 19.2 Hz), 7.58 (m, 1H, CH), 7.63 (m, 2H, CH), 7.85 (m, 2H, CH), 

7.97 (m, 2H, CH), 8.87 (d, 1H, CH, J = 14.4 Hz), 9.16 (ddd, 1H, CH, J = 5.8 Hz, 1.6 Hz, 0.9 

Hz). 

W(CO)4(L17) (162). 31P{1H} NMR (161.8 MHz, THF-d8) : -17.48 (q, J = 15.0 Hz, P-W 

satellite 124.0 Hz). 19F{1H} NMR (376.1 MHz, THF-d8) : -55.10 (q, 3F, CF3, J = 12.6 Hz), -

51.91 (m, 3F, CF3).  1H NMR (400 MHz, CD2Cl2) : 1.39 (s, 9H), 7.27 (ddd, 1H, J = 7.2 Hz, 

5.7 Hz, 1.4 Hz), 7.35 (d, 1H, J = 18.6 Hz), 7.59 (m, 1H), 7.60 (m, 2H), 7.94 (m, 3H), 8.14 

(dt, 1H, J = 8.2 Hz, 1.1 Hz), 9.26 (ddd, 1H, J = 5.6 Hz, 1.7 Hz, 0.8 Hz), 9.29 (d, 1H, J = 12.7 

Hz). 

[Ir(COD)(L16)]BArF (164). 89% Yield.31P{1H} NMR (162 MHz, CD2Cl2) : -13.5 (q, J3
P-F = 

13.4 Hz). 19F{1H} NMR (375 MHz, CD2Cl2) : -62.75 (s, 24F, CF3, BArF), -54.19 (q, J = 13 Hz, 

3F, CF3), -53.90 (ap p, J = 13.5 Hz, 3F, CF3-C-P). 1H NMR (700 MHz, CD2Cl2) : 1.77 (m, 2H, 

CH2, cod), 1.98 (m, 1H, CH2, cod), 2.16 (m, 1H, CH2, cod), 2.27 (m, 1H, CH2, cod), 2.37 (m, 

1H, CH2, cod), 2.46 (m, 1H, CH2, cod), 2.53 (m, 1H, CH2, cod), 3.63 (m, 1H, CH=, cod), 4.74 

(m, 1H, CH=, cod), 5.28 (m, 1H, CH=, cod), 5.83 (m, 1H, CH=, cod), 7.47 (m, 3H, CH=), 7.56 

(m, 8H, CH=), 7.61 (m, 2H, CH=), 7.73 (m, 10H, CH=), 7.97 (dt, 1H, CH=, J = 8.1 Hz, 0.6 Hz), 

8.09 (m, 2H, CH=),  8.47 (dd, 1H, N-CH=, J = 6.1, 0.9 Hz), 8.52 (d, 1H, P-C-CH=, J = 17.0 

Hz). 13C NMR (176 MHz, CD2Cl2) : 26.9 (CH2, cod), 31.0 (d, CH2, cod, , J = 2.7 Hz), 31.2 

(CH2), 35.5 (d, CH2, cod, J = 6.0 Hz), 65.7 (d, J = 14.4 Hz, Cq-Ar) 68.2 (CH=, cod), 69.5 (CH=, 

cod), 98.5 (d, J = 15.9 Hz, CH=, cod), 100.7 (d, CH=, cod, J = 9.2 Hz), 118.1 – 160.2 

(aromatic and CF3 carbons), 162.3 (q, Cq-B, BArF, 1JC-B = 49.8 Hz). MS HR-ESI [found 

788.1499, C34H28F6NPIr (M-BArF)+ requires 788.1493]. 

[Ir(COD)(L17)]BArF (165). 90% yield. 31P{1H} NMR (162 MHz, CD2Cl2) : -17.89 (q, J = 

8.7 Hz).  19F{1H}  NMR (375 MHz, CD2Cl2) :  -62.74 (s, 24F, CF3, BArF), -54.65 (dq, 3F, CF3, 

J = 13.0 Hz, 8.8 Hz), -53.89 (q, 3F, CF3, J = 13.1 Hz). 1H NMR (700 MHz, CD2Cl2) : 1.33 (s, 

9H, tBu), 2.01 (m, 2H, CH2, cod), 2.20 (m, 1H, CH2, cod), 2.43 (m, 5H, CH2, cod), 4.85 (m, 

1H, CH=, cod), 4.93 (m, 1H, CH=, cod), 5.27 (m, 1H, CH=, cod), 5.47 (m, 1H, CH=, cod), 
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7.36-7.14 (m, 19H), 7.91 (dd, 1H, CH, J = 8.2 Hz, 1.6 Hz), 8.00 (m, 1H, CH), 8.27 (d, 1H, 

CH, J = 6.1 Hz), 8.71 (d, 1H, CH, J = 16.1 Hz).  13C NMR (176 MHz, CD2Cl2) : 27.5-32.6 (CH, 

cod), 29.9 (tBu), 36.6 (C-tBu, J = 15.1 Hz), 63.9 (d, C, J = 12.6 Hz), 79.6 (CH=, cod), 83.8 

(CH=, cod), 104.7 (CH=, cod), 105.21 (CH=, cod), 119.4-157.95 (aromatic and CF3 

carbons), 159.9(q, Cq-B, BArF, 1JC-B = 49.8 Hz). MS HR-ESI [found 768.1819, C32H32F6NPIr 

(M-BArF)+ requires 768.1806]. 

Pd(L17)Cl2 (166). 31P{1H} NMR (162 MHz, CD2Cl2) : -7.21 (q, J = 13.2 Hz). 19F{1H} NMR 

(375 MHz, CD2Cl2) : -57.37 (q, 3F, CF3, J = 13.9 Hz), -51.99 (ap. p, 3F, CF3, J = 13.8 Hz). 1H 

NMR (400 MHz, CD2Cl2) : 1.59 (s, 9H, tBu), 7.55 (m, 3H, CH), 7.66 (m, 2H, CH), 7.80 (m, 

3H, CH), 8.03 (m, 1H, CH), 8.43 (d, 1H, CH, J = 17.5 Hz), 10.09 (d, 1H, CH, J = 6.1 Hz).  

 

6.4.15. Preparation and irradiation of Rh(CO)Cl(L17) 171 to obtain complex 

172 

 

To a solution of [Rh(CO)2Cl]2 (15 mg, 0.039 mmol) in CH2Cl2 (1 ml) L17 (36 mg, 0.077 

mmol) was added. After stirring at dark for 10 minutes, NMR indicated the formation of 

complex 171. Then, the solvent was removed and THF (1 ml) was added, and the 

resulting solution irradiated with UV light for 30 minutes. Then, the solvent was 

evaporated, and the complex washed with pentane (2 x 2 ml) to obtain the 

corresponding complex 172 as an orange solid (47 mg, 97%). 

 

6.4.16. Preparation of tungsten complex 163 

 

To a solution of a freshly prepared W(CO)4(THF)2 (26 mg, 0.058 mmol) in THF (1 ml), 

L17 was added (27 mg, 0.058 mmol) and the resulting mixture stirred overnight at 80 °C. 

After that, the solvent was evaporated, and the crude complex washed with pentane (2 

x 1 ml) and dried under high vacuum. Then, the complex was dissolved in THF and 

irradiated for 30 min. Then, the solvent was evaporated to obtain the corresponding W 

complex 163 as a yellow solid (42 mg, 98%). 

 

6.4.17. Characterization details for complexes 171, 172 and 163  

 

Rh(CO)Cl(L17) (171). 31P{1H} NMR (162 MHz, CD2Cl2) : 12.44 (dq, J = 192.8 Hz, 12.8 

Hz). 19F{1H} NMR (375 MHz, CD2Cl2) : -54.24 (q, 3F, CF3, J = 13.2 Hz), -54.42 (p, 3F, CF3, J 

= 13.0 Hz). 1H NMR (400 MHz, CD2Cl2) : 1.46 (s, 9H, tBu), 7.19 (dd, 1H, J = 21.8 Hz, 1.4 

Hz), 7.51 (m, 2H), 7.60 (m, 2H), 7.92 (br. d, 2H, J = 7.7 Hz), 8.03 (m, 1H), 8.16 (m, 1H), 

9.21 (d, 1H, CH, J = 15.6 Hz).  

Rh(CO)Cl(L19) (172). 31P{1H} NMR (162 MHz, THF-d8) : 104.09 (dq, J = 180.5 Hz, 8.4 

Hz).  19F{1H} NMR (375 MHz, THF-d8) : -64.37 (q, 3F, CF3), -53.47 (m, 3F, CF3). 1H NMR 
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(700 MHz, CD2Cl2) : 1.47 (s, 9H, tBu), 4.79 (d, 1H, CH, J = 6.7 Hz), 6.14 (d, 1H, CH, J = 8.1 

Hz), 6.24 (dd, 1H, CH, J = 28.9 Hz, 1.1 Hz), 7.34 (ddd, 1H, CH, J = 7.3 Hz, 5.8 Hz, 1.4 Hz), 

7.40 (m, 2H, CH), 7.48 (m, 3H, CH), 7.60 (m, 1H, CH), 9.80 (dd, 1H, CH, J = 5.8 Hz, 1.6 Hz). 

13C NMR (176 MHz, CD2Cl2) :  significative signals: 30.8 (d, tBu, J = 4.3 Hz), 35.2 (d, C-tBu, 

J = 11.8 Hz), 53.9 (CH), 54.18 (q, CH, J = 3.0 Hz), 118.6–158-9 (aromatics, CH= and CF3 

carbons).  

W(CO)4(L19) (163). 31P{1H} NMR (243 MHz, THF-d8) : 89.55 (q, J = 10.1 Hz, P-W 

satellite J = 263.8 Hz). 19F{1H} NMR (565 MHz, THF-d8) : -62.28 (q, 3F, CF3, J = 10.9 Hz), -

51.79 (ap. p, 3F, CF3, J = 10.9 Hz). 1H NMR (700 MHz, THF-d8) : 1.47 (s, 9H, tBu), 4.62F 

(dd, 1H, CH, J = 5.2 Hz, 1.3 Hz), 6.05 (ddd, 1H, CH, J = 8.2 Hz, 1.4 Hz, 0.8 Hz), 6.29 (d, 1H, 

CH, J = 23.0 Hz), 7.06 (ddd, 1H, CH, J = 7.3 Hz, 5.7 Hz, 1.4 Hz), 7.44 (m, 5H, CH), 9.16 (ddd, 

1H, CH, J = 5.7 Hz, 1.6 Hz, 0.8 Hz). 13C NMR (176 MHz, CD2Cl2) :  significative signals: 29.8 

(d, tBu, J = 4.2 Hz), 33.0 (d, C-tBu, J = 12.8 Hz), 53.5 (CH), 118.7-158.0 (aromatic, CH= and 

CF3 carbons), 200.2 (d, CO, J = 8.4 Hz), 201.4 (d, CO, J = 5.5 Hz), 206.8 (d, CO, J = 5.1 Hz), 

208.2 (d, CO, J = 32.2 Hz). 

 

6.4.18. Preparation and irradiation of Cu complexes 173 and 174 

 

To a solution of Cu(AcCN)4PF6 (0.5 equiv) in CH2Cl2 the respective ligand (1 equiv) 

was added L16 or L17. After 10 min, the full complexation of ligands was detected as 

judged by 31P{1H}-NMR. Then, the respective complexes were irradiated for 4 h to attain 

the corresponding 5-phosphasemibullvalenes (full conversion). Finally, dppp (0.9 equiv) 

was added. After 5 minutes, the complexes were analysed by NMR which showed the 

corresponding Cu(dppp)2PF6 and the corresponding L18 and L19 as non-coordinated 

ligands. 

 

6.4.19. Characterization details for Cu complexes 173-174 

 

Cu(L17)2PF6 (173). 1H NMR only showed broad signals. 31P{1H} NMR (162 MHz, CD2Cl2) 

: -143.30 (sep, PF6, J = 710.5 Hz), -66.80 (br. m, P(III)). 19F{1H} NMR (565 MHz, CD2Cl2) : 

-73.08 (d, 6F, PF6, J = 710.5 Hz), -55.41 (br. q, 6F, CF3, J = 15.1 Hz). Data for irradiated 

complex: 31P{1H} NMR (162 MHz, CD2Cl2) : -145.51 (sep, PF6, J = 710.4 Hz), 42.80 (br. m, 

P(III)). 19F{1H} NMR (565 MHz, CD2Cl2) : -74.50 (d, 6F, PF6, J = 710.4 Hz), -63.11 (br. m, 

3F, CF3), -52.80 (br. m, 3F, CF3). 

Cu(L16)2PF6 (174). 1H NMR only showed broad signals. 31P{1H} NMR (162 MHz, CD2Cl2) 

: -143.84 (sep, PF6, J = 710.6 Hz), -58.45 (br. m, P(III)). 19F{1H} NMR (565 MHz, CD2Cl2) : 

-73.14 (d, 6F, PF6, J = 710.6 Hz), -54.55 (br. m, 6F, CF3). Data for irradiated complex: 
31P{1H} NMR (162 MHz, CD2Cl2) : -145.73 (sep, PF6, J = 710.4 Hz), -42.90 (br. m, P(III)). 
19F{1H} NMR (565 MHz, CD2Cl2) : -74.40 (d, 6F, PF6, J = 710.4 Hz), -62.69 (br. m, 3F, CF3), 

-59.20 (br. m, 3F, CF3). 
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6.4.20. Preparation of L19 and L21 by irradiation of the corresponding 1-

phosphabarrelene ligands 

 

A solution of the corresponding 1-phosphabarrelene (0.3500 mmol) in 

dichloromethane (4 ml) was irradiated with UV light for 12h. After that, the solvent was 

evaporated and the product purified by flash chromatography (gradient 100% hexanes 

– 9:1 hexane:EtOAc). 

 

6.4.21. Characterization details for L19 and L21 

 

2-(1-(tert-Butyl)-2a–phenyl-3,4-bis(trifluoromethyl)- 2a,2b–dihydro-2a1H-4a-

phosphacyclopropa[cd]pentalen-2a1-yl)pyridine (L19). White solid. 37% yield. 31P{1H} 

NMR (243 MHz, CD2Cl2) : 56.63 (q, J = 10.1 Hz). 19F{1H} NMR (565 MHz, CD2Cl2) : -61.83 

(q, 3F, CF3, J = 10.9 Hz), -51.88 (m, 3F, CF3). 1H NMR (600 MHz, CD2Cl2) : 1.27 (s, 9H, tBu), 

4.58 (m, 1H, CH), 6.05 (d, 1H, CH=, J = 6.9 Hz), 6.91 (1H, CH=, J = 7.9 Hz),  6.77 (ddd, 1H, 

CH=, J = 7.5 Hz, 4.9 Hz, 1.1 Hz), 7.09 (m, 2H, CH=), 7.14 (m, 3H, CH=), 7.43 (td, 1H, CH=, J 

= 7.7 Hz, 1.9 Hz), 8.29 (ddd, 1H, CH=, J = 4.9 Hz, 1.9 Hz, 1.0 Hz). 13C NMR (176 MHz, 

CD2Cl2) :  31.5 (d, tBu, J = 5.5 Hz), 35.3 (d, C-tBu, J = 15.8 Hz), 51.7 (dd, CH, J = 7.2 Hz), 

64.5 (d, C, J = 7.4 Hz), 67.2 (C), 121.4 (d, CH=, J = 7.2 Hz), 121.7 (CH=), 127.6 (CH=), 128.2 

(2xCH=), 129.7 (2xCH=), 136.0 (CH=), 136.1 (d, CH=, J = 3.3 Hz), 137.1 (C=), 149.1 (C=), 

155.0 (d, C=, J = 24.9 Hz), 163.7 (d, C=, J = 29.7 Hz).  

2a-(tert-Butyl)–1–phenyl-2b,3–bis(trifluoromethyl)-2a,2b–dihydro- 4aH-2a1-

phosphacyclopropa[cd]pentalen-4a-yl)pyridine (L21). White solid. 28%. 31P{1H} NMR 

(243 MHz, CD2Cl2) : 56.63 (q, J = 10.1 Hz). 19F{1H} NMR (565 MHz, CD2Cl2) : -61.83 (q, 

3F, CF3, J = 10.9 Hz), -51.88 (m, 3F, CF3). 1H NMR (600 MHz, CD2Cl2) : 1.04 (s, 9H, tBu), 

4.72 (m, 1H, CH=), 6.4 (s, 1H, CH=), 7.21 (ddd, 1H, CH=, J = 7.6 Hz, 4.8 Hz, 1.2 Hz), 7.36 

(m, 5H, CH=), 7.51 (m, 2H, CH=), 7.66 (td, 1H, CH=, J = 7.7 Hz, 1.8 Hz), 8.58 (ddd, 1H, CH=, 

J = 4.8 Hz, 1.9 Hz, 1.0 Hz). 13C NMR (176 MHz, CD2Cl2) : 30.1 (d, tBu, J = 8.5 Hz), 35.7 (d, 

C-tBu, J = 11.8 Hz), 68.9 (d, CH, J = 6.2 Hz), 72.1 (d, C, J = 22.8 Hz), 88.2 (d, C, J = 48.5 Hz), 

122.8 (CH=), 124.2 (d, CH=, J = 8.8 Hz), 126.4 (CH=), 127.6 (2xCH=), 128.4 (2xCH=), 128.4 

(CH=), 129.7 (CH=), 132.8 (C=), 136.6 (CH=), 142.1 (C=), 149.9 (CH=), 157.2 (d, C=, J = 11.6 

Hz). 
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The general conclusions of this thesis are: 

 

 

1. We have synthetized two families of easily accessible and air stable 

heterodonor ligand libraries that surpass the best results reported so far in the 

Pd-AAS. The simplicity of the first family allowed us to use DFT calculations to 

optimize the ligand parameters. In this respect, the application of the 

optimized P-thioether ligand has overcome the substrate specificity and the 

low nucleophilic scope in this transformation. The second family of ligands, a 

set of phosphite-oxazoline compounds, surpass the best results reported with 

the previous commented Pd/P-thioether catalyst. Moreover, and in contrast 

to Pd/phosphite-N ligands previously reported in the literature, the 

mechanistic studies showed that the enantioselectivities are not only governed 

by the biaryl phosphite moieties but also by the oxazoline substituents.  

 

 

2. To show the synthetic applicability of Pd-AAS reactions, some of the 

compounds resulting from the application of the previous two family of ligands 

have been applied in subsequent sequential derivatizations, such as Grubb’s 

metathesis, Pauson-Khand or cycloisomerization reactions, to produce a range 

of chiral functionalized (poly)carbocyclic and heterocyclic compounds, with 

multiple stereogenic centers. From all of them we should highlight for the first 

time the successful preparation of a range of highly functionalized fused 

tricyclic compounds in good yields and excellent selectivities by combining 

allylic alkylation with either cycloisomerization or Pauson-Khand reactions. 

 

 

3. Finally, to expand the current portfolio of ligands for asymmetric catalysis, we 

have developed for the first time the synthesis of a reduced but valuable chiral 

phosphabarralene/5-phosphasemibullvalene-pyridine family of ligands 

designed to be applied in the near future in some asymmetric catalytic 

processes. We managed to improve the synthetic yield of a previous 

synthetized phosphabarralene-pyridine ligand by optimization of the reaction 

conditions. These optimizations were also successfully applied to the synthesis 

of other phosphabarralene-pyridine ligands, with different substituent 

decorating the phosphabarrelene moiety. The study of the irradiation of 

phosphabarrelene-pyridine containing complexes indicated that two new set 

of 5-phosphasemibullvalene ligands could be obtained. Furthermore, the 

irradiation of the ligands indicated that whereas for the reported ligand the 
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irradiation was less selective, the new tBu-based phosphabarrralene-pyridine 

ligand showed to be more promising since only two species were formed. 
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