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INTRODUCTION AND AIMS OF RESEARCH  

Chirality (or the property of an object not being superimposable on its 

mirror image) is a common occurrence in living systems. Thus, chirality is 

omnipresent in nature and, not surprisingly, chiral compounds have a vast 

importance in many sectors of industrial chemistry (e.g. biologically active 

compounds, pharmaceutical ingredients, agrochemicals, flavors, fragrances, and 

materials as polymers or crystals). 

The demand for chiral compounds, as single enantiomers, has 

exponentially increased in the last decades mainly driven by the demands of 

pharmaceutical companies that were forced to fulfill strong regulations1 issued by 

the U.S. Food and Drug Administration (FDA) in 1993 after the Thalidomide 

tragedy.2 This policy ensured that most of future marketable chiral drugs be 

pharmacologically tested as single enantiomers. Due to the high demand of 

structurally diverse enantiomerically pure compounds, synthetic chemists have 

become more interested in developing new and more efficient methods to gain 

access to enantiopure compounds.3 

A detailed description of all strategies to prepare enantiopure compounds 

is beyond the scope of this Thesis introduction. However, they can be 

categorized into three main strategies, depending on the kind of starting material 

used (Figure 1). Resolution of racemates (racemate or racemic mixture is one 

that has equal amounts of left- and right-handed enantiomers of a chiral 

molecule) was one of the first methods to be used and is still the widest used for 

the industrial preparation of pure enantiomers.3a Theoretical yields of 100% of 

pure enantiomers are achievable for both crystallization types under certain 

                                            
1
 For example see a) FDA Policy Statement for the Development of New Stereoisomeric Drugs, 

Washington DC, 1992: http://www.fda.gov/drugs/GuidanceComplianceRegulatoryInformation/Gui
dances/ucm122883.htm. b) Investigation of Chiral Active Substance: http://www.ema.europa.eu/d
ocs/en_GB/document_library/Scientific_guideline/2009/09/WC500002816.pdf. 
2
 Kim, J. H.; Scialli, A. R. Toxicol. Sci. 2011, 122, 1. 

3
 For example, see the following comprehensive books on the field: a) Comprehensive Chirality; 

Carreira, E. M.; Yamamoto, H., Eds.; Elsevier Science: Oxford, 2012. b) Comprehensive 
Asymmetric Catalysis: Supplement I; Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H., Eds; Springer-
Verlag: Heidelberg, 2004. c) Comprehensive Asymmetric Catalysis: Supplement II; Jacobsen, E. 
N.; Pfaltz, A.; Yamamoto, H., Eds; Springer-Verlag: Heidelberg, 2004. d) Comprehensive 
Asymmetric Catalysis; Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H., Eds; Springer-Verlag: 
Heidelberg, 1999. 

http://en.wikipedia.org/wiki/Amount_of_substance
http://en.wikipedia.org/wiki/Enantiomer
http://en.wikipedia.org/wiki/Chirality_(chemistry)
http://www.fda.gov/drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm122883.htm
http://www.fda.gov/drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm122883.htm
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conditions.4 However, the more common cases result in theoretical yields of only 

50%, which represents a drawback unless the undesired enantiomer can be 

racemized and recycled, or there is a demand for both enantiomers. 

 

Figure 1. Methodologies for preparing enantiopure compounds from different 
sources5 

Large-scale chromatographic separation techniques (e.g. simulated 

moving bed (SMB) chromatography)6 are becoming important preparation 

methods for APIs, especially at the early phases of product development.7 

Kinetic resolution is a suitable method to prepare enantiopure compounds 

when one of two enantiomers of a given starting material reacts at a different rate 

with a chiral reagent or interacts differently with a chiral catalyst. Ideally, one of 

the enantiomers is transformed whereas the other remains unreacted.8 

                                            
4
 Spontaneous in situ racemization for preferential crystallization and spontaneous diastereomer 

interconversion for diastereomer crystallization render racemate separation in a 100% theoretical 
yield. 
5
 Extracted from Sheldon, R.A. Chirotechnology: Industrial Synthesis of Optically Active 

Compounds; Marcel Dekker: New York, 1993. 
6
 For instance, see: a) Rajendran, A.; Paredes, G.; Mazzotti, M. J. Chromatogr. A 2009, 1216, 

709. and b) Subramanian, G. Chiral Separation Techniques: A Practical Approach; Wiley-VCH: 
Weinheim, 2001. 
7
 Lorenz, H.; Seidel-Morgenstern, A. Angew. Chem., Int. Ed. 2014, 53, 1218. 

8
 Koskinen, A. Asymmetric synthesis of natural products; Wiley-VCH: Chichester, 1993. 
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Some of these preparation methods (e.g. diastereomer crystallization and 

non-catalytic kinetic resolution) require stoichiometric amounts of a chiral reagent 

or resolving agent, which in industrial processes calls for recycling of the 

enantiomerically pure derivative. 

The transformation of inexpensive and readily available enantiomerically 

pure natural products or their derivatives into the desired product using well-

established chemical transformations is known as the ñchiral poolò approach. One 

inherent weakness of this method results from the limited structural diversity of 

the starting materials of the chiral pool that cannot hope to cover all of the desired 

target molecules. Furthermore, both enantiomers of natural products might not 

occur naturally, which constitutes the second major disadvantage of this strategy. 

Stereoselective synthesis involves a chemical reaction (or reaction 

sequence) that introduces in a controlled manner one or more new and desired 

stereogenic elements in a molecule. Enantioselective synthesis generates 

stereogenic units (i.e. stereogenic centers, planes or axes) from substrates that 

contain the corresponding pro-stereogenic element. 

Among the different possibilities in stereoselective synthesis (use of chiral 

reagents or chiral auxiliaries),9 asymmetric catalysis is the more advantageous 

method, as each molecule of a chiral catalyst can produce many molecules of the 

target enantiomer by virtue of being continually regenerated and not becoming 

itself permanently involved. Asymmetric catalysis allows for a diverse scope of 

enantiomerically pure compounds in good yields using small amounts of a chiral 

catalyst, which offers greater economy than using chiral reagents or chiral 

auxiliaries in stoichiometric amounts. Moreover, the isolation of the product is 

often easier, since there are fewer by-products generated. Although asymmetric 

catalysis is limited by the range and scope of available synthetic methodology, 

the explosive development of new chemical transformations in the last decades 

has made asymmetric catalysis a very general and practical approach to 

enantiomerically pure (or enriched) compounds. Indeed, enantiomerically pure 

compounds are also ubiquitous in nature and are produced in living systems by 

asymmetric catalysis mediated by highly efficient biocatalysts called enzymes. 

                                            
9
 a) Rouf, A.; Taneja, S. C. Chirality 2014, 26, 63. b) Blaser, H. U. Chem. Rev. 1992, 92, 935. 
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Despite what is commonly believed, the seminal work of Horner10 and 

Knowles11 in the field of asymmetric hydrogenation of olefins mediated by 

optically pure rhodium complexes containing organophosphorus ligands12 is not 

the first known example of enantioselective catalysis not involving bio-catalysts. A 

non-enzymatic enantioselective catalytic transformation can be traced back to the 

infancy of organic synthesis (1904). In that year, Marckwald reported the catalytic 

enantioselective decarboxylation of a malonic acid derivative mediated by brucine 

in 10% ee.13 Some years later (1913), Bredig et al. also developed an 

enantioselective catalytic method for the preparation of mandelonitrile from 

benzaldehyde and hydrogen cyanide using an alkaloid as catalyst.14 These 

pieces of work did not receive much attention by contemporary chemists, mainly 

because of the low enantioselectivities obtained (ca. 10% ee), but they are now 

considered as conceptually important pieces of work. It was not until 1960, when 

Natta et al. reported the first example of homogeneous asymmetric catalysis 

mediated by a metal complex. Nattaôs enantioselective polymerization of 

benzofurane was carried out by generating catalysts derived from aluminium 

trichloride and optically pure D- or L-phenylalanine.15 This process resulted in 

optically active polymers, but the level of enantioinduction was difficult to 

estimate. A successful level of enantioselectivity (80% ee) was achieved in the 

1960s by Izumi et al., who developed a catalytic enantioselective hydrogenation 

of a ketoester into an enantioenriched secondary alcohol in the presence of a 

catalyst derived from Raney nickel and tartaric acid.16 In 1966, Wilkinsonôs 

catalyst [RhCl(PPh3)3]
17 demonstrated that it was possible to activate and to 

                                            
10

 Horner, L.; Siegel, H.; Büthe, H. Angew. Chem., Int. Ed. 1968, 7, 942. 
11

 Knowles, W. S.; Sabacky, M. J. J. Chem. Soc., Chem. Commun. 1968, 1445. 
12

 In coordination chemistry, a ligand is a molecule that binds to a central metal atom to form a 
coordination complex. The key step in most catalytic organometallic enantioselective processes 
involves the assembly of a supramolecular system around a metal center, with participation of the 
substrate molecule, the reagent, and of an enantiopure chiral molecule (a chiral ligand), generally 
bonded to the metal through one or more functional groups. In this complex system, the metal 
provides a low energy reaction pathway (is responsible for catalysis), while the chiral ligand, 
besides activating the metal, creates asymmetry around the metal center and ultimately allows 
the preferential recognition of one of the pro-stereogenic elements of the substrate. 
13

 a) Marckwald, W. Ber. Dtsch. Chem. Ges. 1904, 37, 1368. b) Marckwald, W. Ber. Dtsch. Chem. 
Ges. 1904, 37, 349. 
14

 Bredig, G.; Fiske, P. S. Biochem. Z. 1913, 46, 7. 
15

 a) Natta, G.; Farina, M.; Peraldo, M.; Bressan, G. Makromol. Chem. 1961, 43, 68. b) Natta, G.; 
Farina, M.; Donati, M.; Peraldo, M. Chim. Ind. 1960, 42, 1363. 
16

 Review: Izumi, Y. Adv. Catal. 1983, 32, 215. 
17

 Osborn, J. A.; Jardine, F. H.; Young, J. F.; Wilkinson, G. J. Chem. Soc. A 1966, 1711. 

http://en.wikipedia.org/wiki/Coordination_chemistry
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Coordination_complex
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transfer molecular hydrogen to an olefin without the need for a metallic surface. 

This discovery culminated in the discovery of rhodium chelating chiral 

bisphosphine ligands for the asymmetric hydrogenation of substituted olefins 

resulting in high levels of enantioselection, such as for example Kaganôs DIOP 

ligand 118 (eeôs up to 88%) and Knowlesô DIPAMP ligand 219 developed at 

Monsanto in 1975 (eeôs up to 96%). Rhodium(I) complexes derived from DIPAMP 

2 proved to be highly efficient catalysts (both in terms of conversion and 

enantioselectivity) for the asymmetric hydrogenation of dehydroamino acids and 

allowed for the preparation of L-DOPA at the industrial scale (Scheme 1). The 

associated production process utilizing this enantioselective catalyst is 

considered to be the first industrial process involving asymmetric catalysis and is 

known as the Monsanto L-DOPA process.20 

 

Scheme 1. Asymmetric hydrogenation step in Monsantoôs L-DOPA process 

As might be expected from the possibilities that the L-DOPA process 

offered, many chemists in academia and industry focused their work on the 

asymmetric hydrogenation reaction. From that time until now, many other highly 

efficient enantioselective catalysts were developed and tested.21 Optically pure 

atropisomeric bisphosphine BINAP ligand 5 (atropisomers are stereoisomers 

resulting from hindered rotation about single bonds where the steric strain energy 

barrier to rotation is high enough to allow for the isolation of the conformers) is a 

clear example. Metal complexes derived from BINAP 5 are powerful catalysts in 

asymmetric hydrogenation as reported by Noyori et al. in 1980.22 Whilst this 

ligand did not give exceptional results in the Rh-mediated asymmetric 

                                            
18

 a) Kagan, H. B.; Dang Tuan, P. J. Am. Chem. Soc. 1972, 94, 6429. b) Kagan, H. B.; Dang, T. 
P. J. Chem. Soc., Chem. Commun. 1971, 481. 
19

 Knowles, W. S.; Sabacky, M. J.; Vineyard, B. D.; Weinkauff, D. J. J. Am. Chem. Soc. 1975, 97, 
2567. 
20

 Blaser, H. U.; Schmidt, E. Asymmetric Catalysis on Industrial Scale: Challenges, Approaches 
and Solutions; Wiley-VCH: Weinheim, 2004. 
21

 a) Ager, D. J.; de Vries, A. H. M.; de Vries, J. G. Chem. Soc. Rev. 2012, 41, 3340. b) Luehr, S.; 
Holz, J.; Boerner, A. ChemCatChem 2011, 3, 1708. c) Klosin, J.; Landis, C. R. Acc. Chem. Res. 
2007, 40, 1251. 
22

 Noyori, R.; Takaya, H. Acc. Chem. Res. 1990, 23, 345. 

http://en.wikipedia.org/wiki/Stereoisomer
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Steric_strain
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hydrogenation of functionalized olefins, it exhibited an excellent performance as a 

ligand for ruthenium(II) precursors in the asymmetric hydrogenation of C=C and 

C=O bonds. Nowadays, BINAP 5 is still finding many applications as a metal 

ligand23 and its chiral binaphthyl backbone is considered a privileged structure for 

asymmetric catalysis.24 

Asymmetric hydroformylation is also an important reaction in academia 

and industry, whose study was closely related to the development of asymmetric 

hydrogenation.25 Hydroformylation, also known as oxo synthesis or as the oxo 

process, involves the formal addition of a formyl group (CHO) and a hydrogen 

atom (H) to a carbon-carbon double bond, in which two different regioisomers 

can be obtained (Scheme 2). 

The first excellent results on asymmetric hydroformylation of styrene 6a 

were achieved with Pt-Sn systems (ee up to 85% with ligand 10, see Scheme 2 

for the hydroformylation reaction and Figure 2 for the structure of ligand 10).26 

However, the low reaction rates, the low regioselectivity towards branched 

products and the presence of by-products derived from the parallel hydrogenation 

of the substrates turned the attention of investigators to rhodium-based catalysts 

for this transformation.27 

 

Scheme 2. Hydroformylation of 6a with Pt/Sn/10 catalytic system 

                                            
23

 Ohkuma T., Kurono N. in Privileged Chiral Ligands and Catalysts; Zhou, Q.-L., Ed.; Wiley-VCH: 
Weinheim, 2011. 
24

 a) Pereira, M. M.; Calvete, M. J. F.; Carrilho, R. M. B.; Abreu, A. R. Chem. Soc. Rev. 2013, 42, 
6990. b) Aikawa, K.; Mikami, K. Chem. Commun. 2012, 48, 11050. c) Li, Y.-M.; Kwong, F.-Y.; Yu, 
W.-Y.; Chan, A. S. C. Coord. Chem. Rev. 2007, 251, 2119. d) Yoon, T. P.; Jacobsen, E. N. 
Science 2003, 299, 1691. 
25

 van Leeuwen, P. W. N. M. Homogeneous Catalysis: Understanding the Art; Kluwer Academic 
Publishers: Dordrecht, 2004. 
26

 Consiglio, G.; Nefkens, S. C. A. Tetrahedron: Asymmetry 1990, 1, 417. 
27

 Claver, C.; van Leeuwen, P. W. N. M. in Rhodium Catalyzed Hydroformylation; Claver, C.; van 
Leeuwen, P. W. N. M., Eds.; Kluwer Academic Publishers: Dordrecht, 2000. 

http://en.wikipedia.org/wiki/Formyl
http://en.wikipedia.org/wiki/Hydrogen
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The first attempts to catalyze the rhodium-mediated asymmetric 

hydroformylation were carried out using the same bisphosphine ligands prepared 

for asymmetric hydrogenation. However, bisphosphine ligands turned out to be 

unsuitable for this transformation. Indeed, enantioselectivities were only 

moderate until the development of a new kind of organophosphorus ligands by 

Wink et al.: the bisphosphites.28 The use of bisphosphites is one of the most 

important breakthroughs in asymmetric hydroformylation. The original underlying 

idea was to improve the reactivity and/or the selectivity of the catalyst by making 

the metal center more electrophilic. Bisphosphite ligand 11 (Figure 2) could, 

indeed, help to dramatically change the electronic properties of the metal, but in 

first instance it did not show any enantioselectivity in the asymmetric 

hydroformylation of styrene.28 Fortunately, only one year later, promising results 

were obtained by Takaya et al. in the asymmetric hydroformylation of vinyl 

acetate (50% ee) with bisphosphite ligand 12.29 They claimed that 

hydroformylation catalysts derived from bisphosphite ligands were more stable 

than those derived from bisphosphines under hydroformylation conditions since 

less P-ligand decomplexation was probably occurring. Styrene was successfully 

hydroformylated by Babin and Whiteker at Union Carbide with an excellent 

enantioselectivitiy (90% ee) by using chiral bisphosphite 13.30 van Leeuwen et al. 

thoroughly studied the influence of the different parameters present in ligand 13 

including the phosphite substituents, the length of the alkyl chain between the two 

phosphite groups in the ligand skeleton and the matched/mismatched effects of 

the different stereogenic elements on the catalyst performance.31 In 1993, 

Takaya and Nozaki synthesized a new ligand named BINAPHOS 14, which was 

structurally related to BINAP 5 and combined phosphine and phosphite with axial 

stereogenic elements moieties.32 From this combination it was expected that 

BINAPHOS 14 could take advantage of the excellent-performance of axial 

stereogenic elements in asymmetric hydrogenation catalysts and the recently 

discovered advantages of phosphite groups for asymmetric hydroformylation. 

The result constituted the highest performing and one of the most general ligands 

                                            
28

 Wink, D. J.; Kwok, T. J.; Yee, A. Inorg. Chem. 1990, 29, 5006. 
29

 Sakai, N.; Nozaki, K.; Mashima, K.; Takaya, H. Tetrahedron: Asymmetry 1992, 3, 583. 
30

 Babin, J. E.; Whiteker, G. T. PCT Int. Appl. 1993, WO 9303839. 
31

 Buisman, G. J. H.; Vos, E. J.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. J. Chem. Soc., Dalton 
Trans. 1995, 409. 
32

 Sakai, N.; Mano, S.; Nozaki, K.; Takaya, H. J. Am. Chem. Soc. 1993, 115, 7033. 
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for asymmetric hydroformylation. (Ra,Sa)-BINAPHOS 14 was capable of 

catalyzing in a highly enantioselective way (up to 95% ee) the hydroformylation of 

diverse families of alkenes. Noteworthy, other outstanding bidentate ligands such 

as the bisphosphite ligand KELLIPHITE developed by Dowpharma 15,33 Landisô 

bisphospholane ligand 1634 or Zhang and Yanôs phosphine-phosphoramidite 

YANPHOS 1735 have been presented until the date; a wide selection of them and 

their results on asymmetric hydroformylation have been published on a recent 

review.36 

 

Figure 2. Examples of phosphorus-based chiral ligands used for asymmetric 
hydroformylation and hydrogenation 

One can conclude that many of the catalystôs properties depend on the 

ligand, and therefore, advances in asymmetric catalysts have led to the 

                                            
33

 Cobley, C. J.; Gardner, K.; Klosin, J.; Praquin, C.; Hill, C.; Whiteker, G. T.; Zanotti-Gerosa, A.; 
Petersen, J. L.; Abboud, K. A. J. Org. Chem. 2004, 69, 4031. 
34

 a) McDonald, R. I.; Wong, G. W.; Neupane, R. P.; Stahl, S. S.; Landis, C. R. J. Am. Chem. Soc. 
2010, 132, 14027. b) Watkins, A. L.; Hashiguchi, B. G.; Landis, C. R. Org. Lett. 2008, 10, 4553.  
c) Thomas, P. J.; Axtell, A. T.; Klosin, J.; Peng, W.; Rand, C. L.; Clark, T. P.; Landis, C. R.; 
Abboud, K. A. Org. Lett. 2007, 9, 2665. d) Clark, T. P.; Landis, C. R.; Freed, S. L.; Klosin, J.; 
Abboud, K. A. J. Am. Chem. Soc. 2005, 127, 5040. 
35

 Yan, Y.; Zhang, X. J. Am. Chem. Soc. 2006, 128, 7198. 
36

 Chikkali, S. H.; van der Vlugt, J. I.; Reek, J. N. H. Coord. Chem. Rev. 2014, 262, 1. 
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development of a myriad of structurally diverse enantiomerically pure ligands for 

almost every synthetic transformation susceptible to be asymmetrically catalyzed. 

For this reason, an ideal chiral ligand should not only be easily accessible but 

also be structurally modifiable in a systematic way. The feasibility of rational 

ligand design in asymmetric catalysis is limited in many cases by a lack of deep 

understanding of the catalytic process. Thus, much of the development of an 

efficient asymmetric catalyst for a given transformation and a particular substrate 

relies on empirical strategies. The standard strategy involves developing and 

synthesizing a number of structurally related ligands that incorporate subtle 

structural differences with the hope that one of them in the series performs the 

desired catalytic asymmetric transformation for the required substrate in good 

stereoselectivity and acceptable catalytic activity. The preparation of ligands 

through conventional covalent chemistry is normally tedious and highly time-

consuming, as well as expensive. Combinatorial and high-throughput synthetic 

strategies have enabled the generation of ligand libraries with unprecedented 

ease for different asymmetric reactions and substrates.37 Furthermore, synthetic 

chemists have shown great interest in developing innovative methodologies that 

allow for easy modification of the structure (and thus the properties) of a chiral 

catalyst in an easier way than standard covalent chemistry allows. 

A promising approach was established in the field of supramolecular 

chemistry which has attracted the attention of chemists in recent years because 

of the high level of development achieved. The term supramolecular38 reflects the 

fact that this chemistry deals with complex chemical entities formed by more than 

one species that are associated by means of intermolecular reversible binding 

forces. Furthermore, the properties of this association are expected to overcome 

the sum of the individual components and permit to hold together the diverse 

entities that form the supramolecular complex (see Table 1). 

 

 

                                            
37

 a) Schmink, J. R.; Bellomo, A.; Berritt, S. Aldrichim. Acta 2013, 46, 71. b) Leung, D.; Kang, S. 
O.; Anslyn, E. V. Chem. Soc. Rev. 2012, 41, 448. c) Busacca, C. A.; Fandrick, D. R.; Song, J. J.; 
Senanayake, C. H. Adv. Synth. Catal. 2011, 353, 1825. d) Jäkel, C.; Paciello, R. Chem. Rev. 
2006, 106, 2912. 
38

 Lehn, J. M. Pure Appl. Chem. 1978, 50, 871. 
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Table 1. Strength of supramolecular interactions39 

Interaction Strength (kJ mol-1) Example 

Ion-ion 200 - 300 
Tetrabutylammonium 

chloride 

Ion-dipole 50 - 200 Sodium [15]crown-5 

Dipole-dipole 5 - 50 Acetone 

Hydrogen bonding 4 - 120 DNA/RNA 

Cation-p 5 - 80 K+ in benzene 

p-p 0 - 50 Benzene in graphite 

Anion-p40 20 - 70 C6F6¶F
- interactions 

Van der Waals < 5 
Argon, packing  

in molecular crystals 

Hydrophobic 
Related to solvent-solvent 

interaction energy 

Cyclodextrin inclusion  

compounds 

 

After gaining a deep understanding of the principles that govern these 

forces, supramolecular chemists have used them as a toolbox to build a highly 

diverse array of supramolecular structures. A brief summary of the main tools 

available for supramolecular chemists is presented below.41 

- Metal-ligand interactions: The use of metal-ligand interactions is a 

common tool for the construction of supramolecular assemblies. Indeed, metal-

ligand interactions present an array of properties that are particularly interesting 

for the construction of complex supramolecular entities. The variation of the 

ligand denticity, polarizability, and steric hindrance and structure of metal used 

allows for the generation of a wide range of different supramolecular complexes. 

These type of interactions are present, for example, between Zn(II) or Ru(II) 

metal centers with the pyridine units indicated in Figure 8 and between the Rh(I) 

metal center with carbon monoxide (CO) and chloride anion (Cl-) (shown in 

Scheme 4). 

                                            
39

 Extracted from: Steed, J. W.; Turner, D. R.; Wallace, K. J. Core Concepts in Supramolecular 
Chemistry and Nanochemistry; Jhon Wiley & Sons: Chichester, 2007. Metal-ligand interactions 
have been commonly used in supramolecular chemistry. However, scales of bond energies for 
metal ligand interactions are hardly ever tabulated in the literature. For this reason, metal-ligand 
interactions have not been included in Table 1. 
40

 Chifotides, H. T.; Dunbar, K. R. Acc. Chem. Res. 2013, 46, 894. 
41

 Steed, J. W.; Atwood, J. L. Supramolecular Chemistry; John Wiley & Sons: Chichester, 2009. 
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- Ionic and dipolar interactions:41 Up to three subdivisions can be made 

within this category of interactions: ion-ion interactions, ion-dipole and dipole-

dipole. Whereas all of them are electrostatic interactions based in the Coulombic 

attraction between two opposite charges, the main difference between them is 

the nature of the charge and the directionality of the interaction. Ion-ion 

interactions between net charges are non-directional, which means that the 

attractive forces are acting in every direction. These forces are responsible, for 

example, for keeping sodium and chloride ions close together in sodium chloride 

salt. On the other hand, ion-dipole and dipole-dipole interactions involve a pair of 

electric charges of equal magnitude but opposite sign separated by a distance 

(i.e. a dipole) and these are directional. Although these interactions are weaker 

than ion-ion interactions, they are very useful since the directional interaction 

forces the molecules to aggregate in a predictable and particular way, if they 

complement each other (Figure 3). 

 

Figure 3. Examples of: a) Ion-ion interaction in sodium chloride; b) Ion-dipole 
interactions in a sodium complex of [15]crown-5; c) Dipole-dipole interactions in 

iodine monochloride 

- Hydrogen bonding:41 This interaction combines two interesting properties: 

a high degree of directionality and a notable binding strength. Hydrogen bonding 

can be considered as a special kind of dipole-dipole interaction between a proton 

acceptor (A) and a proton donor (D). The hydrogen bond donor is formed by an 

electronegative functional group with a bound proton. This electronegative 

functional group creates a dipole by withdrawing electron density and leaving the 

proton partially positively charged (d+). The proton acceptor (A) is also a dipole 

with electron-withdrawing groups that has a high level of electron density (d-) 

allowing the directional electrostatic attraction between A and D. As an example 

of strong hydrogen bonding, the complementary hydrogen bonding binding motifs 

based in the quadruple array in 18 (Figure 4a) display ca. 20% of the 

http://en.wikipedia.org/wiki/Electric_charge
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thermodynamic stability of a C-C covalent bond.42 Not surprisingly, hydrogen 

bonding was natureôs choice for many interesting biological processes like 

substrate recognition by enzymes as well as protein and nucleic acid folding (see 

19 in Figure 4b). 

 

Figure 4. Example of molecular recognition using hydrogen bond: a) Strong 
artificial quadrupole hydrogen bond array 18; b) Thymine and adenine primary 

hydrogen bond interactions (19) 

- Cation-p interactions: This attractive interaction is now recognized as a 

major force in molecular recognition and an important factor in chemical and 

biocatalysis.43 For example, it is present in biological processes such as the 

binding of neurotransmitters to their receptors and many drug-receptor 

interactions, such as those in nicotine-acetylcholine receptors in the brain.44 

However, it is also a key interaction in non-natural catalytic reactions, such as the 

organocatalytic bio-inspired processes developed by Jacobsen et al., which 

involve organocatalyzed cationic polycyclizations and Claisen rearrangements.45 

The driving force of the binding event comes from a partial negative charge of a 

p-electron cloud that interacts with positively charged species. The binding 

strength was early proved when it was demonstrated that the potassium cation 

binds benzene more tightly than water in the gas phase (see Figure 5a).46 This 

interaction has been recently applied in the development of the first artificial 

receptor 20 that selectively binds the asymmetric dimethyl arginine (aRMe2) 

                                            
42

 Blight, B. A.; Hunter, C. A.; Leigh, D. A.; McNab, H.; Thomson, P. I. T. Nat. Chem. 2011, 3, 244. 
43

 a) Dougherty, D. A. Acc. Chem. Res. 2013, 46, 885. b) Hunter, C. A.; Low, C. M. R.; Rotger, C.; 
Vinter, J. G.; Zonta, C. Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 4873. c) Zacharias, N.; 
Dougherty, D. A. Trends Pharmacol. Sci. 2002, 23, 281. 
44

 Xiu, X.; Puskar, N. L.; Shanata, J. A. P.; Lester, H. A.; Dougherty, D. A. Nature 2009, 458, 534. 
45

 a) Uyeda, C.; Jacobsen, E. N. J. Am. Chem. Soc. 2011, 133, 5062. b) Knowles, R. R.; Lin, S.; 
Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 5030. 
46

 Sunner, J.; Nishizawa, K.; Kebarle, P. J. Phys. Chem. 1981, 85, 1814. 
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amino acid derivative 21a over the symmetric dimethyl arginine (sRMe2) 21b (see 

Figure 5b).47 

 

Figure 5. Examples of supramolecular systems bound through 

cation-p interactions: a) Schematic drawing of the benzene-potassium cation 
system; b) Artificial receptor 20 for dimethyl arginine guests 21 

- p-p interactions:48 The nature of aromatic p-p interactions is still under 

debate. Early investigations by Sanders49 and Hunter49,50 proposed an 

electrostatic model whereas Cozzi and Siegel51 suggested a ñpolar/pò model. In 

both cases, the substitution effects in p-stacking interactions are explained as 

changes induced to the p-aryl system. For example, in the electrostatic model, 

electron-withdrawing elements remove electron density from the p-cloud 

diminishing the repulsion between aromatic cores resulting in a favored p-

p stacking interaction. Nevertheless, p-p interactions have been intensively 

studied both experimentally and computationally by other researchers.52 p-

                                            
47

 James, L. I.; Beaver, J. E.; Rice, N. W.; Waters, M. L. J. Am. Chem. Soc. 2013, 135, 6450. 
48

 a) Wheeler, S. E. Acc. Chem. Res. 2013, 46, 1029. b) Sherrill, C. D. Acc. Chem. Res. 2013, 46, 
1020. c) Wheeler, S. E. J. Am. Chem. Soc. 2011, 133, 10262. d) Salonen, L. M.; Ellermann, M.; 
Diederich, F. Angew. Chem., Int. Ed. 2011, 50, 4808. 
49

 Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 112, 5525. 
50

 a) Cockroft, S. L.; Perkins, J.; Zonta, C.; Adams, H.; Spey, S. E.; Low, C. M. R.; Vinter, J. G.; 
Lawson, K. R.; Urch, C. J.; Hunter, C. A. Org. Biomol. Chem. 2007, 5, 1062. b) Cockroft, S. L.; 
Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, C. J. J. Am. Chem. Soc. 2005, 127, 8594. 
c) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, C. J. J. Chem. Soc., Perkin Trans. 2 2001, 651. 
51

 a) Cozzi, F.; Annunziata, R.; Benaglia, M.; Baldridge, K. K.; Aguirre, G.; Estrada, J.; Sritana-
Anant, Y.; Siegel, J. S. Phys. Chem. Chem. Phys. 2008, 10, 2686. b) Cozzi, F.; Cinquini, M.; 
Annuziata, R.; Siegel, J. S. J. Am. Chem. Soc. 1993, 115, 5330. c) Cozzi, F.; Cinquini, M.; 
Annunziata, R.; Dwyer, T.; Siegel, J. S. J. Am. Chem. Soc. 1992, 114, 5729. 
52

 a) Watt, M.; Hardebeck, L. K. E.; Kirkpatrick, C. C.; Lewis, M. J. Am. Chem. Soc. 2011, 133, 
3854. b) Wheeler, S. E.; McNeil, A. J.; Müller, P.; Swager, T. M.; Houk, K. N. J. Am. Chem. Soc. 
2010, 132, 3304. c) Wheeler, S. E.; Houk, K. N. J. Am. Chem. Soc. 2008, 130, 10854.  
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p interactions are normally present between aromatic groups; most commonly, 

two different aromatic p-p interactions can be found: i) face to face (called also p-

stacking), in which the centers of two aromatic rings interact with each other 

(sandwich type) or with the corner of another one (parallel-displaced). This kind 

of interaction is known to be present in the molecular structure of graphite; ii) 

Edge to face (also referred to as T-shaped or CH-p interaction); in this case one 

of the aromatic rings is perpendicularly aligned to the center of another aromatic 

ring (Figure 6). 

 

Figure 6. Prototypical p-stacking interactions between two phenyl groups 

- Anion-p interactions:40,53 Although the origins of attractive anion-

interactions have been known for some time,54 interest in anion-p interactions is 

relatively recent. One of the possible explanations for this is because, in contrast 

to cation-p interactions, anion-p interactions could be considered to be as 

counterintuitive. Actually, it was not until 2002 when Deyà, Frontera, Ballester et 

aI.55 first proposed the term anion-p interactions for the attractive forces between 

p-acidic aromatic rings and anions. In that work, a combination of crystallographic 

and computational studies revealed an energetically favorable interaction 

between the p-electron cloud from hexafluorobenzene and several different 

anions 22 (Figure 7). Nowadays, the scientific community is aware of the 

important role of anion-p interactions in many key biological systems, such as 

enzymes and proteins.53 Not surprisingly, the knowledge gained on this topic is 

                                                                                                                                  
d) Sinnokrot, M. O.; Sherrill, C. D. J. Phys. Chem. A 2006, 110, 10656. e) Ringer, A. L.; Sinnokrot, 
M. O.; Lively, R. P.; Sherrill, C. D. Chem. Eur. J. 2006, 12, 3821. f) Sinnokrot, M. O.; Sherrill, C. 
D. J. Phys. Chem. A 2003, 107, 8377. g) Rashkin, M. J.; Waters, M. L. J. Am. Chem. Soc. 2002, 
124, 1860. h) Kim, E.-i.; Paliwal, S.; Wilcox, C. S. J. Am. Chem. Soc. 1998, 120, 11192. 
53

 a) Ballester, P. Acc. Chem. Res. 2012, 46, 874. b) Frontera, A.; Gamez, P.; Mascal, M.; 
Mooibroek, T. J.; Reedijk, J. Angew. Chem., Int. Ed. 2011, 50, 9564. c) Berryman, O. B.; 
Johnson, D. W. Chem. Commun. 2009, 3143. d) Schottel, B. L.; Chifotides, H. T.; Dunbar, K. R. 
Chem. Soc. Rev. 2008, 37, 68. 
54

 Hiraoka, K.; Mizuse, S.; Yamabe, S. J. Phys. Chem. 1987, 91, 5294. 
55

 Quiñonero, D.; Garau, C.; Rotger, C.; Frontera, A.; Ballester, P.; Costa, A.; Deyà, P. M. Angew. 
Chem., Int. Ed. 2002, 41, 3389. 
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being applied in the design of new anionic receptors, hosts, catalysts and other 

materials.56 

 

Figure 7. Schematic representation of the quadrupole moment of 

hexafluorobenzene (left) and the anion-p interaction (right) 

In order to have a more complete vision of the supramolecular interactions 

that can be present in a supramolecular complex or aggregate other non-

directional or less specific forces should be also considered including van der 

Waals forces (London and exchange-repulsion forces), closed shell interactions57 

such as aurophilic interactions58 or halogen bonding,59 solvation60 and 

hydrophobic effects.61 

In any catalytic process, supramolecular forces are always present since 

the catalyst recognizes and organizes substrates and reagents in a certain way 

and contributes to the assembly of a new molecule. In general, the term 

supramolecular catalysis is used for supramolecular interactions that are not 

present in the basic catalytic reaction. However, and despite this definition, it is 

also true that there is not always a clear cut-division between supramolecular and 

non-supramolecular catalysis. 

In the 1970s,62 supramolecular catalysis was equivalent to mimicking 

enzymes via host-guest catalysis. Early studies dealt only with reactions that also 

take place in enzymes. Other non-enzymatic reactions (e.g. Diels-Alder 

cycloadditions) were also studied successfully with this approach. Progress in 

supramolecular organometallic host-guest chemistry was not straightforward at 

that time, since the synthesis of host-guest systems equipped with a metallic 

                                            
56

 See, for example, this recent review on ligand design: Watt, M. M.; Collins, M. S.; Johnson, D. 
W. Acc. Chem. Res. 2013, 46, 955. 
57

 Pyykkoe, P. Chem. Rev. 1997, 97, 597. 
58

 Schmidbaur, H.; Schier, A. Chem. Soc. Rev. 2008, 37, 1931. 
59

 Priimagi, A.; Cavallo, G.; Metrangolo, P.; Resnati, G. Acc. Chem. Res. 2013, 46, 2686. 
60

 Smithrud, D. B.; Sanford, E. M.; Chao, I.; Ferguson, S. B.; Carcanague, D. R.; Evanseck, J. D.; 
Houk, K. N.; Diederich, F. Pure Appl. Chem. 1990, 62, 2227. 
61

 Southall, N. T.; Dill, K. A.; Haymet, A. D. J. J. Phys. Chem. B 2002, 106, 521. 
62

 van Leeuwen, P. W. N. M. Supramolecular Catalysis; Wiley-VCH: Weinheim, 2008. 
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catalytic site is not trivial. In recent years, supramolecular, homogeneous 

catalysis has experienced an exponential growth, and many supramolecular 

catalysts, not only operating under the host-guest principle, have been designed 

and constructed with exquisite detail using supramolecular forces.63 With regard 

to the construction of supramolecular catalysts for asymmetric reactions, four 

general strategies can be found in the literature: 

i) the preparation of ditopic ligands by assembling two chiral 

monotopic building blocks via supramolecular interactions around 

a template or between them64 

ii) allosteric control of the active siteôs geometry63a 

iii) substrate-ligand interactions65 

iv) construction of chiral cavities66 

Enantioselective catalysis is mainly based on favoring/disfavoring the 

formation of one of the possible enantiomers in a given transformation. Certainly, 

steric interactions and supramolecular forces (cation-p, C-H-p, p-p interactions, 

etc.) play a central role in the stereodiscriminating processes in enantioselective 

catalysis (e.g. control of the metal coordination spheres in organometallic 

enantioselective catalysis). The idea of using the tool box of supramolecular 

forces to design new and more efficient enantioselective catalysts by controlling 

the different reaction paths may not seem too naïve. However, supramolecular 

forces are not always completely predictable and the field of supramolecular 

enantioselective catalysis engineering is still nowadays underdeveloped. 

The progress of supramolecular enantioselective catalysis in all the fields 

already mentioned has been comprehensively reviewed recently. A detailed 

summary of all aspects falls beyond the scope of this introduction.63 

                                            
63

 a) Raynal, M.; Ballester, P.; Vidal-Ferran, A.; van Leeuwen, P. W. N. M. Chem. Soc. Rev. 2014, 
43, 1734. b) Raynal, M.; Ballester, P.; Vidal-Ferran, A.; van Leeuwen, P. W. N. M. Chem. Soc. 
Rev. 2014, 43, 1660. c) Meeuwissen, J.; Reek, J. N. H. Nat. Chem. 2010, 2, 615. 
64

 Bellini, R.; van, d. V. J. I.; Reek, J. N. H. Isr. J. Chem. 2012, 52, 613. 
65

 Carboni, S.; Gennari, C.; Pignataro, L.; Piarulli, U. Dalton Trans. 2011, 40, 4355. 
66

 a) Brown, C. J.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2009, 131, 17530. 
b) Fiedler, D.; van Halbeek, H.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2006, 128, 
10240. c) Fiedler, D.; Leung, D. H.; Bergman, R. G.; Raymond, K. N. Acc. Chem. Res. 2005, 38, 
351. d) Fiedler, D.; Bergman, R. G.; Raymond, K. N. Angew. Chem., Int. Ed. 2004, 43, 6748. 
e) Fiedler, D.; Pagliero, D.; Brumaghim, J. L.; Bergman, R. G.; Raymond, K. N. Inorg. Chem. 
2004, 43, 846. 
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Whilst the preparation of catalysts by the supramolecular assisted 

assembly of two chiral constituent monotopic blocks, either around a template (an 

ion or a platform bearing a coordinative center) or themselves is a well-studied 

strategy to easily synthesize enantioselective catalysts,64 the control of the size 

and/or shape of the catalytic site (sometimes also referred to as ñchiral pocketò) 

by means of supramolecular interactions is an underdeveloped field of research. 

Again, Nature has served as a model, since some enzymes have 

developed a very efficient way for adjusting the catalytic performance to optimal 

conditions by participation of another molecule which can enhance or decrease 

the enzymeôs activity. This phenomenon is generally referred to as allosteric 

control and the regulation event does not necessarily have to take place in the 

immediacy of the active catalytic site (generally it does not). Allosteric regulation67 

generally arises from a conformational change induced by the binding of a 

molecule (allosteric effector) at a site that may be remote from the catalytic 

center. 

The first efforts towards the development of artificial allosteric catalysts for 

asymmetric catalysis were reported in 2003 by Mirkin et al.68 Reversible 

interactions (metal-ligand interactions) were used by these authors for allosteric 

modulation (Weak-Link Approach, WLA) in the multimetallic macrocyclic 

complexes depicted in Scheme 3. These macrocycles can be chemically 

interconverted in situ using small molecules (A) between their condensed 23 and 

open states 24. First investigations showed a two-fold enhancement of the rate of 

the asymmetric ring opening of cyclohexene oxide 25 with TMSN3 upon addition 

of the chloride anion and carbon monoxide to the condensed state complex 23a 

to generate the open state complex 24a in situ. However, no conclusions on the 

regulation effects on enantioselectivity were drawn by the authors.68c With this 

Weak-Link approach, the authors designed other types of allosteric catalysts that 

differ in the shape of their structural center, and consequently, in their catalytic 

activity. For example, they developed the metallo-macrocycles 26 and 27, which 

                                            
67

 a) Edelstein, S. J. J. Mol. Biol. 2013, 425, 1391. b) Goodey, N. M.; Benkovic, S. J. Nat. Chem. 
Biol. 2008, 4, 474. 
68

 a) Gianneschi, N. C.; Masar, M. S., III; Mirkin, C. A. Acc. Chem. Res. 2005, 38, 825. 
b) Gianneschi, N. C.; Cho, S.-H.; Nguyen, S. B. T.; Mirkin, C. A. Angew. Chem., Int. Ed. 2004, 43, 
5503. c) Gianneschi, N. C.; Bertin, P. A.; Nguyen, S. T.; Mirkin, C. A.; Zakharov, L. N.; Rheingold, 
A. L. J. Am. Chem. Soc. 2003, 125, 10508. 
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can be interconverted between them by the addition or removal of CO gas 

(Scheme 4). These compounds that contain two units of the salen69 ligand were 

used in the enantioselective ring-opening of cyclohexene oxide by 

trimethylsilylazide (TMSN3). The ability to reversibly convert the far less active 

and selective catalyst 27 to the more reactive 26 by in situ CO saturation or CO 

desaturation in the presence of chloride ions allowed to conveniently cycle the 

catalyst through two modes (open 27 and condensed 26). With the introduction 

and removal of CO (1 atm) as a switch between the open 27 and condensed 

forms 26 of the catalyst, they demonstrated the allosteric effect with respect to 

the rate and enantioselectivity in the formation of 1-azido-2-

(trimethylsiloxy)cyclohexane 28 (Scheme 4). 

 

Scheme 3. General structure of the supramolecular allosteric catalysts designed by 
Mirkin et al., shown in the condensed 23 and open states 24 

                                            
69

 Salen-type compounds 29 are Schiff bases that can act as N,Nô,O,Oô-tetradentate ligands and 
derive from ethylenediamine and 2-hydroxybenzaldehyde. The name salen is a contraction for 
Bis(salicylaldehyde)ethylenediamine. 
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Scheme 4. a) Mirkinôs supramolecular allosteric catalysts 26/27, shown in 
condensed 26 and open states 27; b) Asymmetric epoxide-opening mediated by 

condensed 26 and open states 27 

In a second approach, an organic ligand binds to a structural metal center 

(Ms) within the same chiral complex and induces a conformational change that 

affects the ability of a catalytic metal center (Mc) to function. Basically, the 

change in the coordination sphere of the structural metal generates a new 

molecular shape in the supramolecular complex, which in combination with a 

catalytic metal center is suitable for catalysis and may result in improved activity 

and/or selectivity in a given transformation. From a biological point of view, this 

strategy is more reminiscent of the way various enzymes use structural metals to 

define their tertiary structure in a static fashion rather than behaving dynamically 

and reversibly (Scheme 5).70 

                                            
70

 Some early examples: a) Horiuchi, Y.; Gnanadesikan, V.; Ohshima, T.; Masu, H.; Katagiri, K.; 
Sei, Y.; Yamaguchi, K.; Shibasaki, M. Chem. Eur. J. 2005, 11, 5195. b) Hua, J.; Lin, W. Org. Lett. 
2004, 6, 861. c) Lee, S. J.; Hu, A.; Lin, W. J. Am. Chem. Soc. 2002, 124, 12948. d) Morris, G. A.; 
Nguyen, S. T.; Hupp, J. T. J. Mol. Catal. A: Chem. 2001, 174, 15. 
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Scheme 5. A ligand binds to one or more structural metal ions (Ms), and the 
resulting intermediate, having adopted the appropriate configuration, then binds to 

one or more catalytic metal ions (Mc) to form a catalytically active complex.  

Researchers have also sought to extrapolate this principle of allosteric 

regulation to much smaller and synthetically accessible organic ligands. Reek et 

al. recently described monodentate phosphoramidite 30 or bidentate phosphine-

phosphoramidite 31 ligands with two appended pyridyl units at the ortho position 

of the axially chiral octahydro-[1,1'-binaphthalene]-2,2'-diol-derived group. The 

nitrogen atoms of the pyridyl units exclusively bind Ru(II) or Zn(II) structural 

metals from porphyrin 32 or salphen71 moieties 33, whereas phosphorus atoms 

preferably bind to Rh(I) centers (Figure 8) and which will only be utilized for 

catalysis. For example, the coordination behavior of monodentate 

phosphoramidite ligand 30 is affected by the presence or absence of Zn(II) 

porphyrin 32a. High pressure (HP-NMR) complexation studies of ligand and 

rhodium precursor under CO/H2 pressure and in the absence or presence of 

Zn(II) porphyrin 32a show that one major rhodium complex is formed in which the 

hydrido ligand occupies an axial position and the phosphorus binding group is 

located cis to it (Scheme 6). Addition of two equivalents of Zn(II) porphyrin 32a 

induces a change of the coordination geometry, in which the hydrido ligand still 

occupies an apical position, but with the phosphorus group now coordinated trans 

to it. As a consequence of the supramolecularly induced change in the 

coordination mode of the different ligands at the rhodium center and the 

                                            
71

 Salphen-type compounds 34 are Schiff bases that can act as N,Nô,O,Oô-tetradentate ligands 
and derive from o-phenylenediamine and 2-hydroxybenzaldehyde. The name salphen 34 is a 
contraction for bis(sal icylaldehyde)-o-phen ylenediamine. 
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increased steric bulk in the active metal surroundings, the catalytic properties of 

30 in the asymmetric hydroformylation of trans-2-octene (trans-35) are improved 

(see Scheme 6).72 

 

Figure  8. Schematic representation of Reekôs monophosphoramidite ligand 30 and 
phosphine-phosphoramidite 31 with supramolecular regulation 

 

Scheme 6. a) Supramolecular control of monodentate ligand 30 coordination to Rh 
and b) Implications in asymmetric hydroformylation of trans-35 

Encouraged by the previous results with monodentate ligand 30, Reek et 

al. applied the same supramolecular strategy with bidentate ligand 31 (Figure 8). 

                                            
72

 Bellini, R.; Chikkali, S. H.; Berthon-Gelloz, G.; Reek, J. N. H. Angew. Chem., Int. Ed. 2011, 50, 
7342. 
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Key catalytic properties such as activity and selectivity in the Rh-mediated 

asymmetric hydroformylation73 of styrene 6a and para-substituted styrene 

derivatives 38 (Scheme 7) and asymmetric hydrogenation74 of dimethyl itaconate 

39a, a-dehydroamino acid ester derivatives 39b-d and Roche ester derivative 40 

were tailored by binding different Zn(II) or Ru(II)-containing regulators differing in 

their steric and electronic properties to the chiral ligand 31 (Scheme 8). Some 

representative results are summarized in Table 2 and Table 3. 

 

Scheme 7. Asymmetric hydroformylation of styrene 6a and para-substituted styrene 
derivatives 38 with ligand 31 and binders 32 

 

 

 

 

 

 

 

                                            
73

 Bellini, R.; Reek, J. N. H. Chem. Eur. J. 2012, 18, 13510. 
74

 Bellini, R.; Reek, J. N. H. Eur. J. Inorg. Chem. 2012, 2012, 4684. 
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Table 2. Representative results for the asymmetric hydroformylation of styrene 6a 

and derivatives 38 with Rh(I) catalysts derived from ligand 31 and different binders 

32 

Substrate Binder Conv. b/l75 ee  

6a - 5% 95:5 51% (S) 

6a 32a 52% 91:9 59% (S) 

6a 32b 10% 97:3 64% (S) 

6a 32c 9% 99:1 72% (S) 

38a - 21% 91:9 18% (S) 

38a 32c 10% 90:10 82% (S) 

38b - 22% 92:8 15% (S) 

38b 32c 16% 95:5 80% (S) 

38c - 18% 99:1 13% (S) 

38c 32c 12% 99:1 66% (S) 

 

 

Scheme 8. Rh-mediated asymmetric hydrogenation of diverse alkenes with ligand 
31 and different binders (32 and 33) 

 

 

 

 

                                            
75

 Branched-to-linear product ratio in the hydroformylation reaction. 
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Table 3. Representative results for the asymmetric hydrogenation of diverse 

alkenes with Rh(I) catalysts derived from ligand 31 and different binders (32 and 

33a) 

Substrate Binder Conv. ee 

39a - 2% 0 

39a 32a 5% 57% (R) 

39a 33a > 99% > 99% (R) 

39a 32c > 99% > 99% (R) 

40 - 0 - 

40 32a 59% 39% (S) 

40 33a > 99% 55% (S) 

40 32c > 99% 57% (S) 

39b - 4% 0 

39b 33a > 99% 98% (R) 

39c - 0 - 

39c 33a > 99% > 99% (R) 

39d - 3% 0 

39d 33a 70% 91% (R) 

 

All of these examples show that the objective of regulating the activity of 

an enantioselective catalyst by interaction of an effector, which interacts via 

supramolecular forces with a regulation site already present in the original 

catalyst, is indeed achievable. The presented examples represent pioneering 

work and show the potential of the supramolecular approach to generate efficient 

catalysts for different asymmetric reactions and substrate families. Therefore, the 

potential of this approach is still both promising and innovative. 

In his PhD Thesis,76 Dr. Héctor Fernández-Pérez envisaged using 

predictable, structurally well-defined binding interactions to generate 

supramolecular catalysts with a distal regulation mechanism. Dr. Fernández-

Pérez designed a distal regulable ligand 45b, which incorporates a 

conformationally stable biaryl bisphosphine as the active catalytic site and a 

crown ether unit as the remote regulation site. Changes in the biaryl dihedral 

angle were considered to be the linking mechanism capable of communicating 

                                            
76

 H. Fernández-Pérez, PhD Thesis, Universitat Rovira i Virgili, September 2009. 
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the regulation and catalytic sites. Thus, modulation of the catalytic activity of our 

proposed ligands via regulation effects (alkali metal or ammonium-type cations) 

that bind via ion-dipole interactions to the crown ether moiety rigidifying the 

structure, modifying the dihedral angle (q) and ultimately causing a change in the 

bite angle (b) of the phosphorus groups to the metal center seemed to us feasible 

(Figure 9). 

 

Figure 9. a) Designed system with potential distal modulation for enantioselective 
catalysis b) Schematic drawing of the regulation strategy 

In the aforementioned PhD Thesis, only the synthesis of compounds 45b 

with a potential regulation mechanism for catalysis was described.76 These 

compounds were prepared in both enantiomeric forms, although low amounts of 

material were obtained (Figure 10). 

 

Figure 10. Designed systems with potential distal modulation for enantioselective 
catalysis 

In the present PhD Thesis, we also aim to develop another strategy to 

generate a set of supramolecular ligands which resemble a privileged structure, 

yet at the same time offer a range of closely geometrically related active sites. 

The main advantage of this approach rests on the ability to modify the geometry 

of the catalytic site through reversible interactions. This strategy should allow for 

rapid generation of ligand libraries, in which the ligands preserve most of the 
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structural generalities of their predecessors, but they incorporate ñsubtleò 

changes in their three-dimensional structure that might improve the catalytic 

properties of the resulting supramolecular structures. We aim to develop 

conformationally transformable bisphosphites 46 as ligands for asymmetric 

catalysis. Together with the bisphosphite binding groups for organometallic 

asymmetric catalysis, our design incorporates a polyether unit as the distal 

regulation site. It is envisaged that the binding of cationic species (regulation 

agents) within the polyether moieties by ion-dipole interactions would not only 

serve to bring the two terminal phosphorus ligating groups close together 

(template effect), but also to confer a particular geometry to the catalytic site 

associated to the shape and size of the regulation agent (adaptive effect of the 

catalyst). Geometric changes around the metal center should result in modified 

catalytic properties and constitute the basis of our regulation mechanism. The 

concept is shown in Scheme 9. 

 

Scheme 9. Strategy for distal modulation of open crown ether bisphosphite ligands 
46 

Consequently, the aims of this work are as follows: 

1. A preparation method for an array of enantiomerically pure biaryl 

bisphosphine ligands 45 with a distal regulation site (in the form of crown ether 

groups of different size and topology) will be devised and developed. The binding 

properties of these biaryl derivatives with structurally diverse cationic species 

using different spectroscopic techniques will be studied. The catalytic properties 

of these ligands in transformations of interest (i.e. enantioselective 

hydrogenation) and the efficiency of the regulation mechanism (binding inside the 
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polyether moiety) between the distal regulation and catalytic sites will also be 

assessed. 

2. Enantiomerically pure bisphosphite ligands 46 with structurally diverse 

polyether chains will be synthesized. Binding studies with structurally diverse 

cationic species and catalytic studies in asymmetric transformations of interest 

(i.e. enantioselective hydrogenation and hydroformylation) will be carried out. Our 

aim is also to study the potential of different binding agents as regulators of the 

catalyst structure and, therefore, activity and (stereo)selectivity. 
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CHAPTER 1: DEVELOPMENT OF BISPHOSPHINE LIGANDS WITH A 
DISTAL REGULATION SITE IN THE FORM OF CROWN ETHER 
GROUPS OF DIFFERENT SIZE AND TOPOLOGY 

1.1 LITERATURE REVIEW 

1.1.1 Artificial receptors with distal mo dulation  

Allosteric modulation is a quite common feature in nature and has allowed 

for the regulation of the structure and activity of enzymes in many biological 

systems. As relevant and well-studied processes, the regulation of oxygen 

binding by haemoglobin,77 the hexamerization of an arginine repressor,78 and the 

change in the binding cooperativity as a function of the concentration of 

arachidonate-containing phospholipids in cytosolic phospholipase A279 deserve 

mention. Allosteric regulation is also present in the exquisite control observed in 

many enzymatic processes.80 The term allosterism entails the change of the 

binding or catalytic properties of the biologically active site by the interaction of an 

external unit (effector) within a specific regulatory site in the biological system 

(allosteric site, Scheme 10). This effector can enhance (positive allostery) or 

decrease the functional properties of the biological system (negative allostery). 

 

Scheme 10. Activation of substrate binding or catalyst activity by an allosteric 
effector in the case of receptors or biocatalysts, respectively 

                                            
77

 a) Perutz, M. F.; Fermi, G.; Luisi, B.; Shaanan, B.; Liddington, R. C. Acc. Chem. Res. 1987, 20, 

309. b) Perutz, M. F. Annu. Rev. Biochem. 1979, 48, 327. c) Monod, J.; Changeux, J.-P.; Jacob, 

F. J. Mol. Biol. 1963, 6, 306. 
78

 Grandori, R.; Lavoie, T. A.; Pflumm, M.; Tian, G. L.; Niersbach, H.; Maas, W. K.; Fairman, R.; 

Carey, J. J. Mol. Biol. 1995, 254, 150. 
79

 Burke, J. R.; Witmer, M. R.; Tredup, J.; Micanovic, R.; Gregor, K. R.; Lahiri, J.; Tramposch, K. 

M.; Villafranca, J. J. Biochemistry 1995, 34, 15165. 
80

 Stryer, L. Biochemistry; Freeman: New York, 1995. 
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The design of artificial allosteric receptors is of great significance for 

controlling molecular function by external stimuli. Pioneering contributions by 

Rebek based on the binding ability and predictable flexibility of bipyridine system 

47 can be considered as a first step towards allosteric receptors or catalysts.81 

Initial studies focused on the binding of a transition metal cation to the bipyridine 

group in 47 and the influence of binding on the racemization barrier of the biarylic 

molecule 47 depicted in Scheme 11.82 

 

Scheme 11. Enhanced bipyridine racemization by metal chelation developed by 
Rebek et al. 

Table 4. Activation energies for the racemization of 47 

Metal DGc
Í (Kcal/mol)a 

None 14.5 

HgCl2 10.5 

ZnCl2 10.5 

a Calculated from NMR spectra at coalescence 

temperatures. 

 

The results in Table 4 show that chelation to metals reduces the barrier of 

racemization by about 4 Kcal/mol. The enhancement in the racemization rate is 

probably due to the fact that both aromatic rings are brought close to planarity 

upon metal binding, which stabilizes the transition state to racemization. 

Rebek exploited a similar molecular design in the catalysis of chemical 

reactions. For example, the cyclization of the bipyridine derivative 48 depicted in 

Scheme 12 needs the addition of NiCl2 to proceed at low temperatures (45 ºC). 

                                            
81

 See: Rebek, J., Jr. Acc. Chem. Res. 1984, 17, 258. 
82

 Rebek, J.; Trend, J. E. J. Am. Chem. Soc. 1978, 100, 4315. 
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The metal coordination to the N atoms brings the two reactive sites in close 

proximity by forcing, again, a planar conformation with an overall enhancement of 

the rate of the intramolecular reaction.83 

 

Scheme 12. Cyclization reaction enhanced by the addition of a coordinating Ni(II) 
precursor 

These pioneering contributions by Rebek and co-workers were 

accompanied by the description of the first allosteric receptor based on the same 

2,2ô-bipyridine chelation motif.84 The crown ether containing a 3,3ô-disubstituted 

2,2ô-bipyridine unit (50 in Figure 11) showed negative cooperative binding of 

alkali metal ions, which have a strong affinity for the N atoms, in the presence of 

crown ether binders such as Hg2+, Zn2+ or Pd2+ cations or W(CO)4.
84b,c On the 

contrary, Hg2+-binding to the crown ether unit induced a positive cooperative 

effect on the binding of Pd2+ to the bipyridine group.84a 

 

Figure  11. Rebekôs allosteric supramolecular receptor 

In parallel with the development of supramolecular host-guest chemistry, 

other systems have been designed and studied to control catalysis and binding 

by combining allosteric sites and effectors of a diverse nature.85 Since the 

                                            
83

 Rebek, J., Jr.; Costello, T.; Wattley, R. J. Am. Chem. Soc. 1985, 107, 7487. 
84

 a) Rebek, J.; Marshall, L. J. Am. Chem. Soc. 1983, 105, 6668. b) Rebek, J.; Wattley, R. V. J. 
Am. Chem. Soc. 1980, 102, 4853. c) Rebek, J., Jr.; Trend, J. E.; Wattley, R. V.; Chakravorti, S. J. 
Am. Chem. Soc. 1979, 101, 4333. 
85

 Reviews on allosteric receptors: a) Kremer, C.; Luetzen, A. Chem. Eur. J. 2013, 19, 6162.  
b) Kubo, Y.; Ishii, Y. J. Nanosci. Nanotechnol. 2006, 6, 1489. c) Takeuchi, M.; Ikeda, M.; 
Sugasaki, A.; Shinkai, S. Acc. Chem. Res. 2001, 34, 865. d) Nabeshima, T. Coord. Chem. Rev. 
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quantity and diversity of allosteric systems described in the literature is vast, they 

have been classified into four main groups: Heterotropic or homotropic86 and 

subsequently divided into positive or negative allosteric systems. In artificial 

systems, homotropic allosterism is more difficult to reproduce, and examples are 

accordingly rare. Nevertheless, the first example can be traced to the early 

1980s, when Rebek and co-workers studied a bis(crown ether) system that 

exhibited negative cooperative binding of alkali metal ions.87 In homotropic 

systems, the initial binding of guest species to the allosteric receptor must 

produce a conformational change that makes the other binding site(s) more or 

less suitable for the same guest (positive and negative homotropic allosterism, 

respectively). On the other hand, in the case of a heterotropic allosteric system, 

the binding of the effector at the allosteric site produces a conformational change 

that affects the binding event of the binding guest at a remote site. Positive 

heterotropic allosterism indicates that a conformational change induced by the 

effector makes the second binding event tighter. Conversely, negative 

heterotropic allosterism indicates that the second binding event is made less 

favorable. 

1.1.1.1 Crown ether-based receptors with distal modulation for neutral molecules 

A wide variety of receptors for neutral molecules (aromatic derivatives, 

nucleic bases, sugars, ureas, etc.) incorporating an appended crown ether unit as 

the allosteric site have been reported. With the possibility to easily vary the crown 

ether size, shape, and topology together with well-established synthetic 

strategies for their preparation, they have become popular artificial allosteric 

sites. In addition, the relatively large amount of energy that is gained in the cation 

binding process easily overcomes energetic differences between different 

conformations of the allosteric receptors.85a 

 

                                                                                                                                  
1996, 148, 151. Review on allosteric receptors and catalysts: e) Kovbasyuk, L.; Kraemer, R. 
Chem. Rev. 2004, 104, 3161. Reviews on allosteric catalysts: f) Kumagai, N.; Shibasaki, M. Catal. 
Sci. Technol. 2013, 3, 41. g) Zhu, L.; Anslyn, E. V. Angew. Chem., Int. Ed. 2006, 45, 1190. 
86

 Heterotropic or homotropic allosterism indicates that the binding of a molecule to the receptor 
influences the interaction of this receptor with a different or the same molecule, respectively. 
87

 Rebek, J.; Costello, T.; Marshall, L.; Wattley, R.; Gadwood, R. C.; Onan, K. J. Am. Chem. Soc. 
1985, 107, 7481. 
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The first example of a receptor for the recognition of neutral molecules with 

allosteric modulation was presented by Dervan et al. in 1987. They designed an 

allosterically regulable DNA-binder 51 that contained two netropsin88 units 

separated by a tetraethylene glycol tether, which acts as a multidentate acyclic 

neutral ligand for cations (Figure 12). The binding of alkaline earth metal cations 

to the polyether unit caused a conformational change that favored the binding in 

water of both netropsin units to the double-stranded DNA molecule.89 

 

Figure 12. Heterotropic allosterically regulated binding of bis(netropsin) 51 to DNA 
by alkaline earth metal cations. Anti-infective drug netropsin 52 

Another receptor with a polyether chain as allosteric site for the recognition 

of nucleotide bases was reported in 1993 by Inouye and co-workers.90 In this 

case, binding of 1-nBu-thymine to receptor 53 by hydrogen bonding was 

enhanced by a factor of 4 - 6 after sodium cation binding to the oxygen atoms of 

53 (Figure 13). This increase of the binding constant was governed by p-stacking 

interactions of the closer anthracene unit to the substrate and coulombic 

interactions of the complexed cations. 

                                            
88

 Netropsin 52 is an oligopeptide with antibiotic and antiviral activity. See: Barrett, M. P.; 
Gemmell, C. G.; Suckling, C. J. Pharmacol. Ther. 2013, 139, 12. 
89

 Griffin, J. H.; Dervan, P. B. J. Am. Chem. Soc. 1987, 109, 6840. 
90

 Inouye, M.; Konishi, T.; Isagawa, K. J. Am. Chem. Soc. 1993, 115, 8091. 

http://en.wikipedia.org/wiki/Oligopeptide
http://en.wikipedia.org/wiki/Antibiotic
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Figure 13. Positive heterotropic allosteric receptor 53 for 1-nBu-thymine 

Remarkable contributions were made by Shinkai et al. in the 1990s, when 

they presented a number of allosteric receptors for the recognition of 

carbohydrates that bind mono- or dissacharides by formation of boronic acid 

esters. Some examples of Shinkaiôs receptors using crown ethers as allosteric 

sites are briefly summarized in Figure 14. The affinity of receptor 5491 with D-

glucose, D-talose and D-allose before and after addition of allosteric effectors was 

monitored by Circular Dichroism (CD) spectroscopy analysis. Binding constants 

diminished from 3.1 x 104 to 2.5 x 104, 1.4 x 104 to 8.4 x 103 and 1.2 x 103 to 3 x 

102 M-1 respectively after addition of Ca2+ as allosteric effector. Presumably, the 

conformational changes induced by binding of the calcium ion to the crown ether 

chain forces the boronic acids into an orientation which is less favorable for 1:1 

binding with monosaccharides. 

Receptors 5592 and 5693 were found as relatively complicated mixtures of 

conformers in the absence of a cation (effector) and a substrate 

(monosaccharides). In both cases, the binding of alkali metal ions induced 

conformational changes to the receptors that favored or disfavored the binding 

ability towards monosaccharides depending on the cation employed. Potassium 

ions, for example, were found to act as negative effectors for both receptors, 

whereas sodium and lithium cations enhanced the binding ability of the receptors 

55 and 56 towards monosaccharides, respectively. 

                                            
91

 Deng, G.; James, T. D.; Shinkai, S. J. Am. Chem. Soc. 1994, 116, 4567. 
92

 Ohseto, F.; Yamamoto, H.; Matsumoto, H.; Shinkai, S. Tetrahedron Lett. 1995, 36, 6911. 
93

 James, T. D.; Shinkai, S. J. Chem. Soc., Chem. Commun. 1995, 1483. 
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Figure 14. Shinkaiôs allosteric boronic acid-based receptors for monosaccharides 

An example from the work of Fukazawa et al. is depicted in Figure 15. 

Their monodeoxycalix[4]arene crown ether 57 exhibited affinity towards urea-type 

molecules via hydrogen bonding involving the carboxylic acid units. Sodium and 

potassium cations increased the binding constants of 57 towards the urea 

substrates. These positive allosteric effects were explained by molecular 

mechanics calculations. In the presence of an appropriate cation, the crown ether 

moiety changes its conformation to fit the cation into the cavity. As a result of this 

conformational change, the intramolecular hydrogen bonding between the two 

dicarboxylic acids is disrupted and the two arms of the receptor equipped with a 

carboxylic acid group are then available for a four-point hydrogen bonding 

interaction with the urea guest molecule.94 

 

Figure 15. Complex between receptor 57, Na+ ion and ureas 

                                            
94

 Haino, T.; Katsutani, Y.; Akii, H.; Fukazawa, Y. Tetrahedron Lett. 1998, 39, 8133. 
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Notably, Kubo and co-workers described one of the first heterotropic 

allosteric receptors for neutral molecules with negative cooperative binding. 

Receptor 58 binds diamine substrate 59 with a binding constant of 7.9 x 105 M-1. 

Binding of a Ba2+ ion into the crown ether increases the distance of the Zn(II) ions 

through the rotation of the biphenyl units and, hence, the receptor binding affinity 

towards substrate 59 decreases (Figure 16).95 

 

Figure 16. Complex of Kuboôs heterotropic allosteric receptor 58, Ba2+ ion, and 
diamine substrate 59 

More recently, Liu and co-workers reported on a positively cooperative 

bis(b-cyclodextrin) crown ether receptor 60 for dye molecules such as 61. 

Allosteric regulation is produced by sodium ion binding to the crown ether unit 

that induces a change in the conformation of the receptor that improves the 

cooperative binding of both cyclodextrin arms towards the guest dye molecule.96 

                                            
95

 Kubo, Y.; Murai, Y.; Yamanaka, J.-i.; Tokita, S.; Ishimaru, Y. Tetrahedron Lett. 1999, 40, 6019. 
96

 Liu, Y.; Yang, Y.-W.; Li, L.; Chen, Y. Org. Biomol. Chem. 2004, 2, 1542. 
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Figure 17. Liuôs crown ether bridged bis(b-cyclodextrin) receptor 60 bound to Na+ 
ion and substrate dye 61 
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1.1.2 Mimicking biological regulation o f catalysis via  distal modulation  

In catalysis, three different parts are required for a successful system 

involving a regulation mechanism: an active or catalytic site, a remote or 

regulation site, and finally, a mechanical mechanism linking these sites that 

provokes conformation changes in the catalytic site. Therefore, we envisaged 

using predictable, structurally well-defined binding interactions to assemble 

supramolecular catalysts with a plausible regulation mechanism. Our distal 

modulated systems 45 are enantiomerically pure biaryl derivatives containing 

crown ether groups of different size and topology as the regulation site. Far from 

the remote site, a bisphosphine moiety is located that acts as the active site after 

coordination to transition metals. The biaryl unit also belongs to the crown ether 

moiety which is expected to behave as the regulation site. Finally, binding of 

cationic species to the crown ethers via ion-dipole or hydrogen bonding 

interactions would not only rigidify the catalyst structure but also induce 

conformational changes that modify the biaryl dihedral angle. 

 

Figure 18. General structure of bisphosphine ligands 45 with a regulation 
mechanism 

Extensive studies have demonstrated that changing the bite angle of 

chelating bisphosphines leads to dramatic changes in the activity and/or 

enantioselectivity of the derived catalysts.97 A complete summary of all known 

biaryl derivatives, and the effect of the dihedral angle change in asymmetric 

catalysis would be beyond the scope of this section. However, representative 

examples can be extracted from the literature. For instance, Saito et al. studied 

the relationship between the dihedral angle of known bisphosphine ligands (i.e. 

                                            
97

 Shimizu, H.; Nagasaki, I.; Saito, T. Tetrahedron 2005, 61, 5405. 
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(Ra)-BINAP (Ra)-5, (Ra)-BIPHEMP (Ra)-62, (Ra)-MeO-BIPHEP (Ra)-63a and its 

narrower dihedral angle analogue named (Ra)-SEGPHOS (Ra)-64) and the 

catalytic activity of the derived ruthenium catalysts in the asymmetric 

hydrogenation of 1-hydroxypropan-2-one 65 to yield chiral propane-1,2-diol 66 

(Scheme 13). 

 

Scheme 13. Ru(II)-mediated asymmetric hydrogenation of substrate 65 

Highest enantioselectivities were obtained with (Ra)-SEGPHOS (Ra)-64 

ligand demonstrating the importance of the dihedral angle in asymmetric catalysis 

(see Table 5).98 

 

Table 5. Correlation between dihedral angles in the Ru-complexes and 

enantioselectivity in Ru-mediated asymmetric hydrogenation of 65 

Ligand BINAP 5 BIPHEMP 62 MeO-BIPHEP 63a SEGPHOS 64 

Dihedral angle 

q (deg)a 
73.5 72.1 68.6 65.0 

ee (%) 89 93 96 99 

a As estimated by CAChe99 MM2 calculations. 

 

                                            
98

 Saito, T.; Yokozawa, T.; Ishizaki, T.; Moroi, T.; Sayo, N.; Miura, T.; Kumobayashi, H. Adv. 
Synth. Catal. 2001, 343, 264. 
99

 Computer-Aided Chemistry; molecular modeling software package by Fujitsu Limited. 
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Figure 19. Altering the sterics of the phosphine groups by modifying the dihedral 

q and the bite angle b 

Nevertheless, strategies to modify the dihedral angle in biaryl derivatives 

without altering the nature of the biaryl group, such as those developed by Saito 

et al. that have been already summarized,98 would be more attractive and are 

similar to the intended regulation mechanism in this Thesis. 

Relevant examples can be found in the literature where very subtle 

changes in the skeleton of the biaryl ligand have a deep impact in the dihedral 

angle without affecting the nature of the ligand. For example, Zhang et al. 

suggested that although ligands 5, 62 or 63a had proved to be effective in 

asymmetric catalysis, they were not rigid enough for some substrates such as g-

aryl-b-ketoesters.100 Thus, they prepared a series of bridged ligands with different 

alkylic linkers named Cn-TunaPHOS 67a-f (Table 6). These ligands are more 

rigid than the analogous ligand 63a and exhibit different dihedral angles. The 

authors demonstrated the importance of this structural parameter in the 

enantioselective hydrogenation of different substrates. The best ligand, in terms 

of enantioselectivity, for b-ketoesters was C4-TunaPHOS,100 C1- and C2-

TunaPHOS for enol acetates,101 C3-TunaPHOS for a-phthalimide ketones,102 and 

C2ïC5-TunaPHOS for b-acylaminoacrylates.103 

                                            
100

 Zhang, Z. G.; Qian, H.; Longmire, J.; Zhang, X. M. J. Org. Chem. 2000, 65, 6223. 
101

 Wu, S.; Wang, W.; Tang, W.; Lin, M.; Zhang, X. Org. Lett. 2002, 4, 4495. 
102

 Lei, A.; Wu, S.; He, M.; Zhang, X. J. Am. Chem. Soc. 2004, 126, 1626. 
103

 Tang, W.; Wu, S.; Zhang, X. J. Am. Chem. Soc. 2003, 125, 9570. 
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Table 6. Calculated dihedral angles of ligands Cn-TunaPHOS 67a-f 

Ligand 67a 67b 67c 67d 67e 67f 

Dihedral angle 

q (deg)a 
60 74 77 88 94 106 

a As estimated by CAChe MM2 calculations. 

 

Chan et al. designed a series of chiral bisphosphine ligands named PQ-

Phos 68 that were prepared by atropdiastereoselective Ullmann coupling and 

ring-closure reactions.104 The Ullmann coupling reaction of the biarylbisphosphine 

dioxides was selected for a highly efficient central-to-axial chirality transfer 

method resulting in enantiomerically pure bisphosphines of different dihedral 

angles 68a-c without having to perform the traditional optical resolution of the 

racemic bisphosphine dioxides. Chanôs strategy is depicted in Scheme 14. 

                                            
104

 a) Qiu, L.; Kwong, F. Y.; Wu, J.; Lam, W. H.; Chan, S.; Yu, W.-Y.; Li, Y.-M.; Guo, R.; Zhou, Z.; 
Chan, A. S. C. J. Am. Chem. Soc. 2006, 128, 5955. b) Qiu, L.; Wu, J.; Chan, S.; Au-Yeung, T. T. 
L.; Ji, J.-X.; Guo, R.; Pai, C.-C.; Zhou, Z.; Li, X.; Fan, Q.-H.; Chan, A. S. C. Proc. Natl. Acad. Sci. 
U. S. A. 2004, 101, 5815. 
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Scheme 14. Synthetic protocols for synthesizing PQ-Phos ligands 68 involving 
intramolecular diastereoselective biaryl couplings 

 

Table 7. Calculated dihedral angles for PQ-PHOS ligands 68a-c 

 (Sa,S,S)-68a (Ra,S,S)-68a (Sa,R,R)-68b (Sa,R,R)-68c 

Dihedral angle q 

(deg)a 
64.8 ï66.5 80.0 88.8 

a Calculated using Chem 3D MM2 modelling. 

 

Thus, optically pure derivatives 71 were prepared by treatment of 

enantiopure butanediol derivatives 69 with bromophenol 70 (Scheme 14, step a). 

The bisphosphine oxides 72 were synthesized from 71, which contains two 

stereogenic centers in their backbone, by halogen/lithium exchange followed by 

capture of the dilithium derivative with chlorodiphenylphosphine and, finally, 

oxidation of the phosphino groups with H2O2 (Scheme 14, step b). The diiodo 

derivatives 73 were easily prepared by direct ortho-lithiation of 72 and 
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subsequent quenching with iodine (Scheme 14, step c). Finally, 

diastereomerically pure biaryl derivatives 74 were obtained by intramolecular 

Ullmann coupling of 73 (Scheme 14, step d). Alternatively, bisphosphine oxides 

74 were also directly prepared by an asymmetric ring-closure reaction, via 

oxidative intramolecular coupling of 72 (Scheme 14, step e). It should be noted 

that the stereogenic centers in the bridging chain of 72 provided very high 

diastereoselectivity in both routes (d.e. > 99% both for the diastereoselective 

Ullmann and the oxidative couplings), as reflected in the fact that the other 

possible diastereomers were not detected in either case. Finally, the target 

bisphosphines 68 were readily obtained by reduction of the P=O bonds with 

trichlorosilane (Scheme 14, step f). 

These ligands were successfully applied to a myriad of asymmetric 

reactions. The effect of the dihedral angle of the ligands on the efficiency of the 

catalyst was shown to be very important in the Ir-catalyzed asymmetric 

hydrogenation of N-heteroaromatic compounds. For example, the substrate 2-

methyl-quinoxaline 75 was hydrogenated in only 39% ee with ligands (Sa,S,S)-

68a and (Ra,S,S)-68a and below 30% ee with MeO-BIPHEP or (Sa,R,R)-68c, 

whereas (Sa,R,R)-68b raised the enantioselectivity of the process up to a 

moderate 61% ee.104 

 

Figure 20. N-heteroaromatic compound 2-methyl-quinoxaline 75 

The aforementioned strategies to tune the dihedral angle of biaryl 

bisphosphine ligands rely on structural changes via covalent chemistry. 

Very relevant studies from Benniston et al. have focused on the possibility 

to control the torsion angle in the biphenyl derivative 76 by the binding of cationic 

species to an embedded crown ether moiety.105 In one of the first studies, they 

described a set of detailed molecular-dynamics simulations on the related crown 

                                            
105

 a) Benniston, A. C.; Harriman, A.; Li, P. Y.; Patel, P. V.; Sams, C. A. J. Org. Chem. 2006, 71, 
3481. b) Benniston, A. C.; Harriman, A.; Patel, P. V.; Sams, C. A. Eur. J. Org. Chem. 2005, 4680. 
c) Benniston, A. C.; Li, P.; Sams, C. Tetrahedron Lett. 2003, 44, 3947. 
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ether system 76 alone, as well as in the presence of added cations (H+, Li+, Na+, 

K+, Rb+ or NH4
+). A good correlation between the calculated torsion angles of the 

biphenyl moiety and the Pauling cation radii was found (Table 8).105c 

 

Table 8. Dihedral angles in the biphenyl unit of crown ether-containing receptor 76 

Cation 
Dihedral anglea 

(deg) 

Variation in dihedral 

angleb (deg) 

Pauling cation radius 

(Å)c 

None 142.6 76.7 - 159 - 

H+ 59.9 22.9 - 98.0 - 

Li+ 50.9 25.5 - 95.1 0.60 

Na+ 61.9 30.8 - 104 0.95 

K+ 79.8 34.3 - 156 1.33 

Rb+ 83.3 49.5 - 146 1.48 

NH4
+ 81.3 39.7 - 142 1.48 

a Dihedral angle taken from the energy-minimized structure. b Taken from molecular 

dynamics simulations. Molecular dynamics and geometry optimization calculations were 

carried out using the Discover 3 module available in Insight II running on a Silicon 

Graphics O2 workstation (see ref. 105c for details). c Tabulated Pauling radii are those 

indicated in ref. 105c. 

 

These studies not only demonstrated that supramolecular interactions are 

capable of changing the torsion angle of the biphenyl unit in 76, but also that this 

structural parameter (torsion angle of the biphenyl unit) can be modulated 

depending on the size of the cation introduced in the crown ether moiety. 

A related system (77a-c) was studied by the same research group. In this 

case, the strength of the binding of cationic species (i.e. Li+, Na+ and K+) to crown 
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ether receptors 77a-c was determined by fluorescence spectroscopic studies. 

The geometry for the corresponding 1:1 complexes was theoretically calculated 

(Table 9).105b Again, it was computationally demonstrated that the torsion angle of 

the 2,2ô-biphenyl units with embedded crown ethers 77a-c can be modulated via 

cation binding at the crown ether moiety. The fluorescence behavior of receptors 

77 is consistent with the molecular dynamics simulations performed. The bound 

cation imposes restrictions on the geometry and forces the rings further from 

planarity, which results in fluorescence quenching. 

 

Table 9. Cation binding effect on the dihedral angle of the biphenyl unit  

 Torsion angle: mean value and range (deg)a 

Receptor None Li+ Na+ K+ 

77b 130 (70 - 165) 55 (23 - 99) 65 (30 - 105) 91 

77c 120 - 65 70 

a Taken from molecular dynamics simulations. Computational studies were performed 

with several different packages. Minimum energy conformations were obtained using 

the Gaussian03 and Insight II programs. See ref. 105b for details. 
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It should also be mentioned that similar control of the molecular structure 

upon cation binding to crown ether or related systems has been reported by other 

groups.106 Moreover, this rotation angle mechanism found applicability as 

allosteric modulator on the binding affinity of a Zn(II) porphyrin dimer receptor 

towards diamine substrates in the previously mentioned Kuboôs system 58 

(Figure 16 in Section 1.1.1.1).95 

 

                                            
106

 a) Interaction between tetrathiafulvalene units was modulated by binding of Pb
2+

 to a crown 
ether moiety due to rotation of a biphenyl unit: Delogu, G.; Fabbri, D.; Dettori, M. A.; Sallé, M.; Le 
Derf, F.; Blesa, M.-J.; Allain, M. J. Org. Chem. 2006, 71, 9096. b) Fluorescence studies on a 
Ru(bipyridyl) complex with different cation binding: McFarland, S. A.; Finney, N. S. Chem. 
Commun. 2003, 388. c) Fluorescence studies on crown ether biphenyl systems after metal 
binding: McFarland, S. A.; Finney, N. S. J. Am. Chem. Soc. 2001, 123, 1260. d) Crown ether 
containing polythiophenes: Marsella, M. J.; Swager, T. M. J. Am. Chem. Soc. 1993, 115, 12214. 
e) Chiral biphenyl bis(crown ethers): Lindsten, G.; Wennerstroem, O.; Isaksson, R. J. Org. Chem. 
1987, 52, 547. 
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1.2 RESULTS AND DISCUSSION 

1.2.1 Synthesis of crown ether -containing  bisphosphine ligands 45  

The synthetic strategy chosen for the preparation of bisphosphines 45 is 

indicated in Scheme 15. In the first place, the synthetic strategy involves the 

preparation of the key biaryl derivative (rac)-78, from 1-bromo-3-methoxybenzene 

79 employing well-established and already published synthetic 

transformations.107 Secondly, our synthetic strategy involves resolution of the 

racemic biaryl derivative (rac)-78107 and cleavage of the methoxy group into its 

fenolic analogue.108. Finally, cyclization of enantiopure [1,1'-biphenyl]-2,2'-diol 80 

with the corresponding polyether derivative and reduction of the P=O bonds in 

compounds 81 into the corresponding bisphosphines should render the target 

compounds in enantiomerically pure form. 

It should be mentioned that, whilst Dr. Fernández Pérez prepared in his 

PhD Thesis compound (Sa)- and (Ra)-45b in enantiomerically pure form and in 

milligram amounts following a different synthetic strategy,109 the preparation of 

the remaining compounds was tackled for the first time within this present PhD 

Thesis. 

The synthetic strategy for the preparation of (rac)-78 is based on an ortho-

lithiation/iodination followed by a Ullmann homocoupling process. The route 

comprises the following key steps: reaction of 1-bromo-3-methoxybenzene 79 to 

form (2-iodo-3-methoxyphenyl)diphenylphosphine oxide 82 and Ullmann 

homocoupling to form the desired compound 78 in its racemic form (Scheme 16). 

                                            
107

 Schmid, R.; Foricher, J.; Cereghetti, M.; Schoenholzer, P. Helv. Chim. Acta 1991, 74, 370. 
108

 Qiu, L. Q.; Qi, J. Y.; Ji, J. X.; Zhou, Z. Y.; Yeung, C. H.; Choi, M. C. K.; Chan, A. S. C. Acta 
Crystallogr., Sect. C: Cryst. Struct. Commun. 2003, C59, o33. 
109

 Dr. Fernández Pérez prepared (Sa)- and (Ra)-45b using another synthetic strategy which 
involved an upgrading of the optical purity by semipreparative HPLC chromatography on chiral 
stationary phases. See: H. Fernández-Pérez, PhD Thesis, Universitat Rovira i Virgili, September 
2009. 
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Scheme  15. Retrosynthetic strategy for the synthesis of enantiomerically pure 
bisphosphines 45 

In general terms, the conditions of the reported method107 could be 

reproduced. The first transformations comprised lithiation of 79 followed by the 

capture of the corresponding organolithium derivative with 

chlorodiphenylphosphine followed by oxidation of the phosphorus atoms with 

30% H2O2 in MeOH as solvent to provide the corresponding diarylphosphine 

oxide 83 in good overall yield (83%). Directed ortho-lithiation of 83 with LDA at 

-78 ºC followed by quenching with iodine provided the iodo derivative 82 in 72% 

yield. Finally, the racemate of 78 was prepared via Ullmann homocoupling of 82 

using activated - by I2 treatment - copper powder in DMF. Compound (rac)-78 

was easily purified by precipitation and was obtained in 80% yield. 

 

Scheme 16. Synthesis of (rac)-78 
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With regard to the next steps in the synthetic sequence indicated in 

Scheme 15, enantiomerically pure compound was obtained by optical resolution 

of the racemic intermediate (rac)-78 with (ï)- and (+)-DBTA (2,3-O,Oô-dibenzoyl 

tartaric acid) following a reported procedure.107 

 

Figure 21. Optical resolution of (rac)-78 using (ï)- and (+)-DBTA as resolving 
agents 

Thus, (rac)-78 was first resolved with (+)-DBTA, by fractional 

crystallization. Compound (rac)-78 was allowed to interact with an excess of 

resolving agent in the right solvent (a mixture of CH2Cl2/EtOAc in a 1/1.2 v/v final 

ratio). A precipitate was formed corresponding to a 1:1 complex between the 

substrate and resolving agent (complex (Sa)-78¶(+)-DBTA). After filtering and 

washing, the (Sa)-78¶(+)-DBTA complex was cleaved under aqueous basic 

conditions and enantiomerically pure (Sa)-78 could be isolated (66% yield, Ó 99% 

ee according to HPLC analysis110, see Figure 22). The mother liquors and the 

washing phases from the previous crystallization were gathered and treated with 

(ï)-DBTA under the same conditions. The other enantiomer of the biaryl 

derivative (Ra)-78 was thus obtained (59% yield, Ó 99% ee). 

                                            
110

 DAICEL Chiralcel IA column (isopropanol/water 75/25, 0.2 mL/min, l = 216 nm, tR (Sa) = 31.0, 
tR (Ra) = 48.9 min) 
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Figure 22. HPLC chromatograms of (rac)-78 (top) and enantiomerically pure (Sa)-
78 (bottom) 

With regard to the preparation of enantiomerically pure (Ra)- and (Sa)-80, 

the deprotection of 78 was carried out with BBr3 as Lewis acid according to the 

previously reported procedure (treatment of the methoxy-containing biaryl 

derivative with an excess of BBr3 at low temperature, followed by aqueous work-

up) and afforded diol 80 in 71% yield (average yield of the reaction for the 

methoxy cleavage in (rac)-78, (Ra)-78 and (Sa)-78). This reaction suffered in the 

past from a lack of reproducibility when BBr3 was used as the commercially 

available solution.111 However, the use of neat BBr3 led to the desired product in 

good yield without any problems. 31P{1H} NMR and 1H spectra are presented in 

Figure 23 and Figure 24, respectively. 

                                            
111

 Dr. P. Molas, unpublished results. 

(Sa)-78 
(Ra)-78 

(rac)-78 
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Figure 23. 31P{1H} NMR spectrum of compound 80 in DMSO-d6 

 

Figure 24. 1H NMR spectrum of compound 80 in DMSO-d6 
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As has already been mentioned in the introduction, Dr. Héctor Fernández 

Pérez described an efficient synthetic method for the preparation of a crown ether 

containing (1,1'-biphenyl-2,2'-diyl)bis(diphenylphosphine oxide) derivative (Sa)-

81b (Scheme 17). 

 

Scheme 17. Synthetic method of crown ether containing (1,1'-biphenyl-2,2'-
diyl)bis(diphenylphosphine oxide) derivative (Sa)-81b developed by Dr. H. 

Fernández-Pérez 

(Sa)-80 was reacted with the corresponding bistosylated polyethylene 

oxide derivative 84b and an excess of Cs2CO3 in DMF at 60 ºC for 12 h. The 

target compound (Sa)-81b was purified by column chromatography and isolated 

as a white solid in 40% yield. The reaction was carried out under high-dilution 

conditions by slow addition of a solution of 84b to the deprotonated biaryl 

derivative of (Sa)-80 to prevent the formation of oligomers and to favor the 

intramolecular cyclization reaction. One of Dr. Fernández-P®rezôs concerns was 

the possibility of racemization of the enantiomerically pure deprotected diol during 

the cyclization reaction. This possibility was already discarded by H. Fernández-

Pérez in his Thesis by directly checking the enantiomeric purity of compound 

(Sa)-81b just after the cyclization reaction: no loss of enantiomeric purity was 

observed. 

At this point, we became interested in developing and optimizing synthetic 

strategies for expanding the structural diversity of the polyether chain in the target 

compounds. For the sake of convenience, we decided to carry out these studies 

with the racemic series by using (rac)-80 as starting material instead of the more 

valuable enantiomerically pure analogues (Ra)-80 or (Sa)-80. An array of 

structurally diverse crown ether-containing bisphosphine dioxide derivatives (rac)-

81a-e was efficiently synthesized by reaction of (rac)-80 and several polyether 

bistosylate derivatives 84a-e (Scheme 18). The starting material (rac)-80 was 
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reacted with the corresponding bistosylated polyether derivatives 84a-e and an 

excess of Cs2CO3 in DMF at 60 ºC for 12 h. The target compounds (rac)-81 were 

purified by column chromatography and isolated as white solids in 42 - 65% 

yield. The reaction was carried out under high-dilution conditions by slow addition 

of a solution of 84 to the deprotonated biaryl derivative (rac)-80 to prevent the 

formation of oligomers and to favor the intramolecular cyclization reaction. 

 

Scheme 18. Synthesis of bisphosphine dioxide derivatives with an appended crown 
ether moiety, (rac)-81 

With regard to the preparation of the required bistosylated polyethylene 

oxide derivatives 84a-c, these compounds were obtained from commercial 

sources, whereas the large bistosylated chain 84e was synthesized as previously 

reported in the literature112 and 84d was synthesized for the first time in the 

present Thesis following the same synthetic strategy as for 84e (Scheme 19). 

                                            
112

 Zhu, X.-Z.; Chen, C.-F. J. Am. Chem. Soc. 2005, 127, 13158. 
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Scheme 19. Synthetic strategy for compounds 84e and 84d 

Thus, the first step in the preparation of 84d was the treatment of 

triethylene glycol 85 with NaOH in a mixture of H2O and THF under slow addition 

of tosyl chloride in THF at 0 ºC for 3 h to afford monotosylated derivative 86 in 

moderate yield (40%). In the next step, a mixture of diol 87 and monotosylated 

alcohol derivative 86 with Cs2CO3 as a base in DMF was heated at 70 ºC and left 

to react for 24 h, affording diol 88 in moderate yield (42%). In the last step, 84d 

was obtained in good yield (72%) by treatment of a solution of diol 88 with NaOH 

in a mixture of H2O and THF with a dropwise addition of a THF solution of tosyl 

chloride at 0 ºC for 12 h. The preparation of 84e is analogous to that previously 

described for 84d where catechol 89 is used instead of diol 87 in the second step 

of the synthetic strategy to afford diol 90. 

Most interestingly, the structure of all cyclized compounds could be 

confirmed by X-ray analysis, as all of them proved to be highly crystalline. 

Crystals of compounds (rac)-81a-e were grown by slow evaporation of their 

solutions in organic solvents, such as dichloromethane or deuterated chloroform 

(See Appendix II for the X-Ray structure data). 
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Figure 25. X-Ray structures of compounds (rac)-81 

X-Ray structures of compounds (rac)-81 revealed that, in the solid state, 

the dihedral angle involving the carbon atoms between the two phosphorus 

groups (q) increases from (rac)-81a to (rac)-81c as the size of the crown ether 

unit does. Large dihedral angles bring the two P atoms a part making P-P 

distances larger (dP=O-P=O). In the case of (rac)-81e and (rac)-81d, smaller 

dihedral angles than expected are found. The addition of a phenyl or a biphenyl 

group on the crown ether moiety breaks the aforementioned trend for (rac)-81a-c 

and the dihedral angle becomes smaller though the size of the crown ether 

moiety grows. Thus, the size and topology of the appended crown ethers appear 

to have an important effect on the geometry of the compounds and particularly on 

the relative spatial orientation of the P=O groups (Table 10). These results 

demonstrate that important structural parameters in bisphosphine dioxides (rac)-

81 (i.e. the dihedral angle or the distance between P atoms) are affected by the 

geometry of the distal appended crown ether moiety. Overall, these observations 

demonstrate that the geometry of the crown ether moiety and the relative spatial 

orientation of the P=O groups are intercommunicated, which validates the main 

premise of the proposed regulation mechanism for the first type of 

supramolecular ligands with a distal regulation site within the present Thesis. 

 

Figure 26. X-Ray structure of compound (rac)-81a showing torsion angle (q) and 

distance between phosphorus atoms (dP=O-P=O) in Å 

(rac)-81d (rac)-81a (rac)-81b (rac)-81c (rac)-81e 



CHAPTER 1: RESULTS AND DISCUSSION 
 

  Page 62  

  

Table 10. X-Ray structural parameters for (rac)-81a-e: distance between 

phosphorus atoms (dP=O-P=O) and between oxygen atoms (dP=O-P=O) in Å and 

dihedral angles in degrees (q) 

 X-Ray structural parameters 

Compound dP=O-P=O (Å) dP=O-P=O (Å) Dihedral angle (q) 

(rac)-81a 4.009 3.046 82.0 

(rac)-81b 4.158 3.27 88.4 

(rac)-81c 4.55 3.892 102.5 

(rac)-81d 4.355 3.694 95.1 

(rac)-81e 4.233 3.623 87.5 

 

With regard to the final steps towards the preparation of enantiomerically 

pure bisphosphine ligands 45, the cyclization conditions and results obtained 

were the same as those for the racemic compounds (Scheme 18). The final 

reductive step consisted of adding an excess of HSiCl3 to enantiomerically pure 

compounds 81 in the presence of an excess of tri-nbutylamine in refluxing xylene 

(Scheme 20). The reductions were complete after 3 hours of reaction. 

Compounds (Ra)-45a, (Sa)-45b and (Ra)-45e were precipitated and isolated as 

white solids in ca. 45% yield. Spectroscopic and spectrometric data were in 

agreement with the proposed structure. 1H, 13C{1H, 31P} and 31P{1H} NMR spectra 

for (Ra)-45e are presented in Figure 27, Figure 28 and Figure 29, respectively. 

 

Scheme 20. Synthesis of enantiomerically pure bisphosphine ligands 45 from 
enantiomerically pure compound 80 
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Figure 27. 1H NMR spectrum of compound (Ra)-45e in CDCl3 

 

Figure 28. 13C{1H,31P} NMR spectrum of compound (Ra)-45e in CDCl3 
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Figure 29. 31P{1H} NMR spectrum of compound (Ra)-45e in CDCl3 
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1.2.2 Binding studies between cationic species and c rown ether -containing 
bisphosphine dioxides  (rac )-81 

It should be recalled at this point that the underlying principle of this project 

relies on the binding of a suitable cationic guest into the crown ether moiety-

containing phosphorus ligands with a distal regulation site. We envisaged that the 

binding of such species might lead to a change in the conformation of the 

receptor, and this conformational change may be transmitted to the catalytic site 

by changing its geometry (Figure 30). 

 

Figure 30. Designed system with potential distal modulation for enantioselective 
catalysis 

Metal cations via ion-dipole interactions and ammonium salts via hydrogen 

bonding are known to bind crown ethers.113 It is generally accepted that when the 

size of the crown ether and the ionic radius of the guest match, high binding 

constants are usually observed as pointed out by Pedersen in his pioneering 

work on crown ethers.114 Nowadays, although the early reported conclusions by 

Pedersen are still generally accepted and are taken into account in the design of 

new crown ether based molecules, other factors such as preorganization and 

complementarity,115 solvation and chelate ring size116 are considered as 

important factors in the selectivity of crown ethers. These parameters are, 

however, difficult to predict a priori. Thus, preliminary studies were required both 

for future applications in catalysis and for recognition purposes involving 

experiments on the inclusion of different cations in the synthesized phosphorus 

                                            
113

 a) A review in recognition of organic ammonium ions with synthetic receptors: Spaeth, A.; 
Koenig, B. Beilstein J. Org. Chem. 2010, 6, No. 32. b) A review about the coordination chemistry 
of alkali metals and crown ethers: Steed, J. W. Coord. Chem. Rev. 2001, 215, 171. 
114

 Pedersen, C. J. J. Am. Chem. Soc. 1967, 89, 7017. 
115

 Cram, D. J. Angew. Chem., Int. Ed. 1986, 25, 1039. 
116

 Hancock, R. D. J. Chem. Educ. 1992, 69, 615. 
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ligands (rac)-81 to find out the most suitable guest in each case (binding 

selectivity).117 

For the sake of convenience, binding studies to our synthesized crown 

ether-containing phosphorus derivatives were carried out on the racemic series. 

In order to get first estimates of the value of the binding constants, we decided to 

use emission spectrophotometry. Fluorescence spectroscopy has been 

demonstrated to be a useful tool for monitoring host-guest interactions in 

solution.118 Benniston et al.119 previously reported an in-depth study for similar 

systems. They prepared three different crown ether ligands, 77a-c, based upon 

the 2,2ô-biphenyl unit with different chain length (Figure 31). By means of 

fluorescence spectrophotometry they were able to measure the binding constants 

of their hosts 77a-c with different cations: Li+, Na+ and K+. It was also determined 

by molecular modeling that the complexation event affects the fluorescence 

properties by controlling the average conformation around the emitting biphenyl 

group. The bound cation rigidifies the structure imposing restrictions on the 

geometry and forcing the rings further from the optimum conformation for 

emission: planarity. We assumed that the behavior of the emission spectrum of 

77 upon addition of different cationic species (Figure 32) would be similar to our 

receptors (rac)-81 and suitable for binding constant determination. Furthermore, 

emission spectroscopy is a quick and very sensitive technique that requires very 

small amounts of material making this technique ideal for our studies. 

 

Figure 31. Receptors 77 used by Benniston et al. in their study 

                                            
117

 These binding studies were carried out in collaboration with Dr. Amilan D. Jose. 
118

 Some examples: a) Cody, J.; Fahrni, C. J. Tetrahedron 2004, 60, 11099. b) Charbonnière, L. 
J.; Ziessel, R. F.; Sams, C. A.; Harriman, A. Inorg. Chem. 2003, 42, 3466. 
119

 Benniston, A. C.; Harriman, A.; Patel, P. V.; Sams, C. A. Eur. J. Org. Chem. 2005, 4680. 
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Figure 32. Fluorescence quenching of 77b upon addition of NaClO4 (left) and 
absorption and emission profiles of 77b (right). Figures taken from ref.119 

The UV-vis spectra of the compounds (rac)-81a-e showed an absorption 

band peak at ca. 290 nm. Although the general shape of the fluorescence 

spectrum was preserved, the emission band was partially quenched and red-

shifted (ca. 5 - 7 nm) during the titration with different cations. Figure 33 shows, 

as a generic example, the behavior of the emission band of receptor 81a upon 

addition of a large excess (5 equivalents) of different salts: LiClO4, NaClO4, 

KCF3SO3, Mg(ClO4)2, Ca(ClO4)2, Ba(ClO4)2 and NH4PF6. Dichloromethane, with a 

minimum amount of methanol (0.5%) for solubilizing the salts, was the solvent of 

choice for these studies. We thought that such an aprotic solvent would result in 

high binding constants since dichloromethane is not prone to compete for cation 

coordination with our hosts. Moreover, the binding constants determined in this 

media would be relevant and applicable because it is also a suitable solvent for 

further binding or catalytic studies. 
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Figure 33. Emission spectra of (rac)-81a (1.7 x 10-4 M) with an excess of different 
cationic species (5 equivalents) in DCM/MeOH (99.5/0.5 v/v) at 298 K 

Cationic crown ether binding solutions were prepared from the 

corresponding perchlorates, except for K+ solutions, which were prepared from 

potassium triflate and for NH4
+ solutions, which were prepared from ammonium 

hexafluorophosphate for solubility issues. 

Thus, stock solutions of the receptors 81a-e (ca. 10-4 M) were prepared in 

DCM/MeOH (99.5/0.5 v/v). Solutions of the corresponding salts (ca. 10-3 M) were 

also prepared in the same solvent mixture. The titration was carried out at 298 K 

by adding incremental amounts of cationic species to the host solution 

(compounds 81a-e) leading to changes in the emission spectra. Excitation of the 

bisphosphine dioxides with an appended crown ether at 290 nm produced a 

fluorescence emission band at 350 nm. This emission, in most cases, decreased 

upon addition of guest; however, quenching of the intensity was almost stopped 

after complete formation of the complex (Figure 34). The binding constants were 

extracted by non-linear curve fitting of the emission data at 350 nm considering a 

1:1 binding model.117 
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Figure 34. Example of emission titration,120 compound (rac)-81b acts as a host for 
Ba2+ 

At a very low receptor concentration, and with the assumption that no 

excited state association occurs, the observed emission intensity can be 

represented by equation:121 

ImaxĿ G
n

+ KdĿImin 

Kd + G
n = I([G])  

Where: 

I([G])  = Emission intensity for a given guest concentration 

n = Number of bound guest molecules 

[G]  = Concentration of cation 

Kd = Dissociation constant 

K = Binding constant = 1 / Kd 

                                            
120

 Geometry of (rac)-81b and Ba
2+
¶(rac)-81b system were optimized with Scigress Explorer Ultra, 

Version 7.7.0.47. 
121

 Novikov, E.; Stobiecka, A.; Boens, N. J. Phys. Chem. A 2000, 104, 5388. 
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Imin  = Emission intensity without any cation 

Imax = Emission intensity with maximum amount of cation 

As an example, the plot of added concentration of cation [G] (LiClO4) 

versus the change in emission intensity (IïIo) for receptor (rac)-81b is 

represented in Figure 35. Non-linear curve fitting of the experimental data to the 

previous equation results in a K-value = 1.4 x 104 M-1. 

 

Figure 35. Change in emission intensity of (rac)-81b (IïIo) plotted against 
concentration of LiClO4 guest 

The table below (Table 11) shows the binding constant values obtained 

from the emission titrations of our receptors (rac)-81 with LiClO4, NaClO4, 

KCF3SO3, Mg(ClO4)2, Ca(ClO4)2, Ba(ClO4)2 and NH4PF6. The same results are 

presented in Figure 36.117 
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Table 11. Association constants of receptors (rac)-81 with crown ether binding 

species 

Binding constants: K (M-1)a 

Entry Guests Hosts  

  81a 81b 81c 81d 81e 

1 Li+ 5.0 x 104 1.4 x 104 5.0 x 103 3.3 x 104 5.0 x 104 

2 Na+ 2.5 x 104 3.0 x 104 2.5 x 104 1.1 x 104 6.0 x 103 

3 K+ 1.2 x 104 5.0 x 104 2.0 x 103 5.0 x 104 1.5 x 103 

4 Mg2+
 <100 2.0 x 103 1.6 x 104 5.0 x 104 5.0 x 104 

5 Ca2+ 2.6 x 104 3.0 x 104 1.4 x 104 1.3 x 105 2.0 x 105 

6 Ba2+ 3.0 x 104 3.3 x 104 6.6 x 104 2.0 x 104 5.0 x 104 

7 NH
4

+
 5.0 x 104 3.3 x 104 2.0 x 104 5.0 x 104 5.0 x 104 

a Measured in DCM/MeOH (99.5/0.5 v/v) at 25 ºC by emission titration, the values 

reported are the mean value of at least two independent measurements. 

 

 

Figure 36. Binding constants calculated from emission titrations for different 
receptors 81 and guests 

Our binding studies revealed that the receptors studied did not show a 

pronounced selectivity for any of the different cationic species that were 

analyzed; K-values were around 104 M-1 for almost every case. However, and as 

expected from the ring size, the receptor incorporating the smallest ring (rac)-81a 

showed a small preference for Li+ over Na+ and K+. Receptor (rac)-81b presented 
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a slightly higher binding affinity for Na+ and K+ over Li+; (rac)-81c had a small 

preference for divalent Ba2+ cation whereas (rac)-81d and (rac)-81e for Ca2+. All 

receptors bound NH4
+ with similar affinities. 

As a background experiment we tested the affinity of [1,1ô-biphenyl]-2,2ô-

diylbis(diphenylphosphine oxide) or BIPHEPO 91,122 an analogous molecule of 

our receptors (rac)-81 but without the crown ether moiety, to different monovalent 

cations: Li+ and NH4
+ but also to divalent Ba2+. The binding constants determined 

were found to be 2 to 3 orders of magnitude lower than those obtained with 

receptors (rac)-81 (6.7 x 101, 1.0 x 102, and 2.6 x 102 M-1, respectively), proving 

that the cations had a strong preference to bind the crown ether rather than the 

P=O groups. 

 

Scheme 21. Synthetic strategy for BIPHEPO 91 

Binding site-selectivity on receptor (rac)-81a was also established in a 

qualitative sense by NMR spectroscopy. For example, methylene signals in the 

spectrum of (rac)-81a suffered considerable changes upon addition of increasing 

Li+ and Na+ amounts, indicating that the crown ether moiety was the binding site 

(Figure 37). 

                                            
122

 Compound 91 was synthesized following a previously reported procedure from biaryl derivative 
92: Harada, T.; Nakano, Y.; Fujiki, M.; Naito, M.; Kawai, T.; Hasegawa, Y. Inorg. Chem. 2009, 48, 
11242. 
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Figure 37. Spectral 1H NMR changes on receptor (rac)-81a after the addition of Li+ 
and Na+ salts 

We also investigated the binding behavior between (rac)-81b and Ba2+ by 

isothermal titration calorimetry (ITC).123 A solution of (rac)-81b (7.3 x 10-4 M) in 

DCM/MeOH (98/2 v/v) was added in the cell of an isothermal calorimeter. Known 

volumes of a solution of barium perchlorate in the same solvent mixture (6.1 x 

10-3 M) were syringed into the host solution and the evolved heat measured. The 

binding constant determined by ITC had the same order of magnitude than that 

measured by fluorescence (K = 2 x 104 M-1 by ITC in DCM/MeOH (98/2 v/v) and 

K = 3 x 104 M-1 by fluorescence in DCM/MeOH (99.5/0.5 v/v) at 25 ºC). A 1:1 ratio 

between Ba2+ and (rac)-81b was deduced from the ITC data. DH and DS values 

(7.5 kcal/mol, 44.4 cal/mol/K, 298 K in DCM/MeOH (98/2 v/v)) were also 

extracted from the titration data and revealed that complexation towards the 1:1 

complex is an entropically driven process (Figure 38). 

                                            
123

 Binding studies of other positively charged species were not possible by ITC, since heat 
evolved due to dilution was much higher than the heat involved in the binding process. 

(rac)-81a with Li+ 

(rac)-81a with Na+ 

(rac)-81a 
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Figure 38. ITC titration experiment for (rac)-81b and barium perchlorate. Top: raw 
data. Bottom: normalized integration data of the evolved heat per injection in terms 
of kcal molī1 of injectant Ba(ClO4)2 plotted against the molar ratio. To determine the 

values of the thermodynamic variables (DH and DS) the ITC data was fitted to a 1:1 
binding model (red line). 
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1.2.3 Crown ether -containing bisphosphine ligands  45 for rhodium -
medi ated asymmetric hydrogenation  

Having obtained enantiomerically pure bisphosphines with appended 

crown ether moieties (Ra)-45a, (Sa)-45b and (Ra)-45e, we decided to assess their 

catalytic activity as ligands for Rh-mediated asymmetric hydrogenation of 

functionalized alkenes. The possibility to modulate the catalytic efficiency of the 

Rh(I) complexes of the enantiomerically pure bisphosphines prepared via 

complexation with cationic species, namely Li+, Ba2+ and NH4
+, was first tested 

with ligand (Ra)-45a. We chose these cationic species as representative 

examples of monovalent and divalent cations of chemically diverse species (one 

alkali metal, one alkaline earth and one ammonium cation). The substrates of 

choice were three benchmark substrates for rhodium mediated asymmetric 

hydrogenation of functionalized alkenes: dimethyl itaconate 39a, methyl 2-

acetamidoacrylate 39b and (Z)-methyl 2-acetamido-3-phenylacrylate 39d (also 

abbreviated as ZMac). Dichloromethane with small amounts of methanol was 

chosen as a proper solvent to carry out the hydrogenation reactions, as this 

solvent mixture both solubilizes the ligand and cationic species and facilitates 

strong binding between them according to the previous binding studies (section 

1.2.2). To aid comparison, commercially available ligand (Sa)-MeO-BIPHEP (Sa)-

63a was also assessed in the catalytic studies as a reference ligand due to its 

similar structure but lack of regulation mechanism.124 

                                            
124

 Ligand (Sa)-63a ((Sa)-MeO-BIPHEP) was purchased from Aldrich and used as received: 
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Scheme 22. Rh-mediated asymmetric hydrogenation of substrates 39a,b,d with 
different cationic species (regulation agents) 

Table 12. Results of the asymmetric hydrogenation of substrates 39a,b,d  with 

ligands (Ra)-45a and (Sa)-63a and different cationic species as potential regulation 

agents of the catalytic activitya 

Entry Ligand Substrate Regulation agent ee 

1 (Ra)-45a 39a - 66% (R) 

2 (Ra)-45a 39a LiClO4 68% (R) 

3 (Ra)-45a 39a Ba(ClO4)2 67% (R) 

4 (Ra)-45a 39a NH4PF6 67% (R) 

5 (Ra)-45a 39b - 15% (R) 

6 (Ra)-45a 39b LiClO4 16% (R) 

7 (Ra)-45a 39b Ba(ClO4)2 18% (R) 

8 (Ra)-45a 39b NH4PF6 19% (R) 

9 (Ra)-45a 39d - 2% (S) 

10 (Ra)-45a 39d LiClO4 2% (S) 

11 (Ra)-45a 39d Ba(ClO4)2 6% (R) 

12 (Ra)-45a 39d NH4PF6 9% (R) 

13 (Sa)-63a 39a - 61% (S) 

14 (Sa)-63a 39b - 28% (S) 

15 (Sa)-63a 39d - 15% (S) 

a Hydrogenation reactions were carried out at 5 bar of H2 pressure at room 

temperature. Rh/ligand/regulator/substrate ratio = 1/1.1/5.5/100. Substrate 

concentration [S] = 0.025 M. Reaction time = 60 hours. Results obtained at 

full conversion in all cases. 
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The results summarized in Table 12 clearly indicated that only 39a was 

hydrogenated in relatively good enantiomeric excesses. Compound 44a was 

obtained in 66% enantiomeric excess in favor of the (R) enantiomer without any 

additive salt present when ligand (Ra)-45a was used. This result was slightly 

better in terms of enantioselectivity than that obtained with ligand (Sa)-63a for the 

same substrate (61% ee, entry 13). Enantiomeric excesses for substrates 39b 

and 39d were very poor: 15% and 2%, respectively. 

Unfortunately, the addition of the potential regulators of the catalytic 

activity (i.e. Li+, Ba2+ and NH4
+ salts) to the reaction media did not provoke any 

noticeable change in the enantioselectivity of the hydrogenation product 

mediated by the catalytic system. The highest increase in ee was found by 

combining ligand (Ra)-45a and NH4
+ in the hydrogenation of 39b (compare 

entries 5 and 8 in Table 12). However, the enantioselectivity observed was only 

four percentage points higher than that obtained with ligand (Ra)-45a alone, and 

the optical purity of the product was still very low (19% ee). Product 44d was 

obtained practically as a racemic mixture when using ligand (Ra)-45a alone or in 

combination with Li+ (entries 9 and 10). When NH4
+ was present in the reaction 

media, the enantiomeric excess determined was found to increase up to 9% ee 

towards product (R)-44d (entry 12). In general terms, the observed improvements 

in the enantiomeric excesses obtained were considered too low to draw any 

conclusions.  
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Figure 39. Summary on the results of asymmetric hydrogenation of substrates 
39a,b,d with Rh(I) catalysts derived from ligands (Sa)-63a and (Ra)-45a with 

different cationic species 

The cation sources that we used in the aforementioned catalytic studies 

were the lithium, barium or ammonium perchlorates or hexafluorophosphates. 

These compounds are not soluble in pure dichloromethane and a small amount 

of methanol was required for full solubilization in the reaction media. The binding 

strength of cationic species within crown ethers in methanol is expected to be 

lower than those in dichloromethane, as methanol competes with the cationic 

species in binding with the crown ether moieties. In a first approximation, we 

considered that this effect could be detrimental for our strategy and be the reason 

for the low efficiency of our regulation mechanism. 

With the aim of facilitating higher binding strength between the regulation 

agents (mainly salts of alkali metal and ammonium cations) and the crown ether 

moiety, we decided to use salts, not only with a better solubility in non-polar 

solvents such as dichloromethane but also with an even less coordinating anion. 

Thus, the bulky and weakly coordinating [B(3,5-(CF3)2C6H3)4] anion (hereafter 
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abbreviated as BArF125) seemed to us an attractive option for our catalytic studies 

(Figure 40). 

 

Figure 40. [B(3,5-(CF3)2C6H3)4] (BArF) anion 

Besides, NaBArF is commercially available and can be used as a source 

of BArF anion for the preparation of the required BArF salts.126 Indeed, we 

prepared not only a series of alkaline metal BArF salts, such as KBArF, RbBArF 

and CsBArF, in a straightforward way but also ammonium-type BArF salts such 

as the optically pure ammonium BArF salts (R)-93, (S)-93, (R,R)-94 and (S,S)-94 

and the achiral: dibenzylammonium BArF 95,127 whose synthesis was already 

described. 

Most of the required BArF salts were synthesized by anion-exchange 

processes over another salt of a given cation by the commercially available 

NaBArF salt. 

The high insolubility of CsBArF and RbBArF in water was exploited for the 

preparation of these compounds from their sodium analogue. NaBArF was 

dissolved in water (90 ºC). Subsequent portion wise addition of CsNO3 or RbNO3 

led to the formation of a new solid, which was precipitated corresponding to 

CsBArF or RbBArF, respectively. CsBArF and RbBArF were isolated by filtration, 

washed with water, and recrystallized in THF (ca. 70% yield). The salts obtained 

in this way were dried at 120 ºC under vacuum overnight. The BArF ammonium 

salts 93, 94 and 95 (see Scheme 23) were prepared using a similar strategy. 

Mixing the highly soluble NaBArF and the sparingly soluble hydrochloride 

                                            
125

 Krossing, I.; Raabe, I. Angew. Chem., Int. Ed. 2004, 43, 2066. 
126

 Buschmann, W. E.; Miller, J. S.; Bowman-James, K.; Miller, C. N. Inorg. Synth. 2002, 33, 83. 
127

 South, C. R.; Higley, M. N.; Leung, K. C. F.; Lanari, D.; Nelson, A.; Grubbs, R. H.; Stoddart, J. 
F.; Weck, M. Chem. Eur. J. 2006, 12, 3789. 
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precursors 96,128 97 and 98 in diethyl ether for 12 hours resulted in the 

precipitation of NaCl. Filtration of the crude mixture to remove the precipitated 

NaCl and evaporation of the crude mixture afforded analytically pure products 93, 

94, and 95, respectively, as white solids in quantitative yields. 

 

Scheme 23. a) Preparation rubidium and cesium BArF salts and b) synthesis of primary 

and secondary amine derived BArF salts 

Lastly, KBArF was synthesized following a well-established methodology 

(Scheme 24).126 Thus, compound 99 was added dropwise to a stirred solution of 

magnesium turnings in diethyl ether to form the aryl-magnesium halide 

MgI[C6H3(CF3)2]. After stirring for 1 hour, boron trifluoride diethyl etherate was 

added drop wise and the reaction mixture was refluxed overnight. Finally, the 

crude reaction mixture was poured into a solution of K2CO3 in water to generate 

the potassium salt. The MgCO3 precipitate was filtered off. The organic solvent 

was concentrated under reduced pressure, leaving a brown residue. The residue 

was dissolved in a DCM/THF mixture (1/1) and the resulting solution was layered 

with hexane to induce precipitation of the desired product at room temperature. 

This process was repeated three consecutive times to obtain colorless crystals of 

                                            
128

 Compounds 96 were synthesized following the reported procedure: Halloran, K.J.; Comely, A.; 
Chen, Z.; Krishnan, S. Stereoselective Synthesis of Metyrosine. WO 2011/053835 A1, 2011. 
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pure KBArF salt. The solid became white after drying at 120 ºC in vacuo 

overnight (60% yield). 

 

Scheme 24. Synthesis of KBArF salt from compound 99 

To summarize, we prepared 8 potential cationic regulators for the catalytic 

activity in our approach, which are represented in Figure 41. In total, we had at 

our disposal four alkaline metal cation BArF salts with increasing cationic radius: 

Na+, K+, Rb+, Cs+ and five ammonium analogues, of which four were 

enantiomerically pure (Figure 41). 

 

Figure 41. BArF salts as cationic sources for distal regulation 

With this array of BArF derivatives of cationic species in hand, we then 

performed new catalytic studies on the rhodium mediated asymmetric 

hydrogenation of alkenes using ligand (Sa)-45b. Dimethyl itaconate 39a and (Z)-

methyl 2-acetamido-3-phenylacrylate 39d were chosen as model substrates for 

asymmetric hydrogenation with bisphosphine (Sa)-45b as ligand and the BArF 

salts depicted in Figure 41 as regulation agents. The catalytic experiments were 

conducted in pure dichloromethane at room temperature under 20 bar of H2 
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pressure for 24 hours, as the BArF salts were soluble in this solvent. The 

commercially available rhodium precursor [Rh(cod)2]BArF was chosen for these 

studies instead of [Rh(nbd)2]BF4 to avoid possible cross effects on the 

enantioselectivity of the process due to the presence of two different counterions 

in the vicinity of the catalytic site. 

 

Scheme 25. Rh-mediated asymmetric hydrogenation of substrates 39a,d with 
different BArF salts 
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Table 13. Results on the asymmetric hydrogenation of substrates 39a,d  with ligand 

(Sa)-45b and different BArF saltsa 

Entry Substrate Regulation Agent 

(as BArF salt) 

ee  

1 39a - 64% (S) 

2 39a Na+ 50% (S) 

3 39a K+ 64% (S) 

4 39a Rb+ 64% (S) 

5 39a Cs+ 64% (S) 

6 39a (S)-93 64% (S) 

7 39a (R)-93 64% (S) 

8 39a (S,S)-94 64% (S) 

9 39a (R,R)-94 64% (S) 

10 39a 95 64% (S) 

11 39d - 17% (S) 

12 39d Na+ 21% (S) 

13 39d K+ 21% (S) 

14 39d Rb+ 21% (S) 

15 39d Cs+ 18% (S) 

16 39d (S)-93 19% (S) 

17 39d (R)-93 18% (S) 

18 39d (S,S)-94 18% (S) 

19 39d (R,R)-94 18% (S) 

20 39d 95 19% (S) 

a Hydrogenations were carried out at 20 bar of H2 pressure at room temperature. 

Rh/ligand/regulation agent/substrate ratio = 1/1.1/1.4/200. Substrate concentration [S] = 

0.1 M. Reaction time = 24 hours. Results obtained at full conversion in all cases. 

 

No clear improvements in the enantioselectivity were achieved with the 

regulation agents employed according to the results in Table 13. Actually, in the 

case of substrate 39a the reaction afforded product 44a in a moderate 64% ee 

without any added additive (entry 1) and in the presence of most of the salts 

employed (entries 3 - 10). Surprisingly, only the Na+ cation modified the 

enantioselectivity of the process and the corresponding hydrogenation product 

44a was obtained in lower ee (50% of ee, entry 2). In the case of substrate 39d 
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the enantioselectivities obtained were very low, ranging from 17 (entry 11) to 21% 

(entries 12 - 14). Again, it can be concluded that no significant changes in the 

enantioinduction of the catalyst were observed when the cationic crown ether 

binders were added to the reaction mixture. 

 

Figure 42. Summary on the results of asymmetric hydrogenation of substrates 
39a,d with Rh(I) catalysts derived from ligands (Sa)-45b with different cationic 

species 

The low enantiomeric excesses of the asymmetric hydrogenation of 

substrates 39 with ligands 45 are in good agreement with literature reports. This 

lack of enantioinduction has been rationalized on the basis of the orientation of 

the four phenyl groups attached to the phosphorus atoms, which originate the 

asymmetric environment around the metal center. Then, the two equatorial P-

phenyl rings exert a greater steric influence on the two diagonal quadrants while 

the two axial ones stay relatively open in the other two quadrants. The rotation 

and flexible orientation of the two equatorial P-phenyl groups can decrease the 

effectiveness of the chiral induction (See b in Figure 43). Indeed, this problem 

has been solved by some authors introducing covalently attached substituents at 

the 3,3ô-positions on the chiral ligand backbone.129 With this structural change, 

rotation of the equatorial phenyl groups could be restricted and an improvement 

of the enantioinduction level of the derived catalyst was observed (See c in 

                                            
129

 a) Rankic, D. A.; Parvez, M.; Keay, B. A. Tetrahedron: Asymmetry 2012, 23, 754. b) Hopkins, 
J. M.; Dalrymple, S. A.; Parvez, M.; Keay, B. A. Org. Lett. 2005, 7, 3765. c) Wu, S.; He, M.; 
Zhang, X. Tetrahedron: Asymmetry 2004, 15, 2177. 
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Figure 43).129c For example, substrates 39b and 39d are hydrogenated in only 25 

and 21% ee with Rh catalyst derived from ligand (Sa)-63a, whereas almost 

perfect enantioselectivity is achieved when ligand (Sa)-63b is employed for both 

substrates: > 99 and 98% ee, respectively. 

 

Figure 43. a) Unsubstituted (Sa)-63a and ortho-phenyl substituted analogue ligand 
(Sa)-63b. b) Quadrant diagram of (Sa)-63a. c) Design of (Sa)-63b 

We assumed that the introduction of ortho-substituents to the P-groups in 

the bisphosphine ligands with appended crown ethers 45 would not be 

necessary. Since the binding of cationic species in the distal crown ether moiety 

could be sufficient to rigidify the catalyst structure and to restrict the flexibility of 

the P-phenyl groups. This idea would have permitted not only to obtain high 

levels of enantioselectivity but also to easily modulate the catalyst efficiency 

depending on the demands of the different substrates by addition of different 

cationic species. 

Unfortunately, our predictions were not accomplished and the binding 

event inside the crown ether appears not to affect the free rotation and flexibility 

of the P-phenyl groups, whose spatial orientation generates the chiral pocket of 

the derived rhodium catalysts. As a future aim, it is proposed to prepare 

enantiomerically pure 3,3ô-substituted biaryl ligands with appended crown ethers 

(Figure 44) and to study their regulation potential in the aforementioned 

transformation and in other interesting ones. These ligands would combine the 

improved active site of an ortho-substituted biaryl ligand with the possibility to 

fine-tune the geometry and flexibility of the ligand through non-covalent 

interactions. 
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Figure 44. Target ligands with a distal regulation mechanism with a 3,3ô-substituted 
biaryl backbone 
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1.3 EXPERIMENTAL PART 

1.3.1 General remarks  

All syntheses were carried out using chemicals as purchased from 

commercial sources unless otherwise cited. All manipulations and reactions were 

performed under inert atmosphere. Glassware was dried in vacuo before use with 

a hot air gun. All solvents were dried and deoxygenated by using a Solvent 

Purification System (SPS). Silica gel 60 (230 - 400 mesh) or spherical Silica-C18 

(200 - 400 mesh) was used for column chromatography. NMR spectra were 

recorded in CDCl3 unless otherwise cited using a Bruker Avance 400 and 500 

MHz Ultrashield spectrometers. 1H NMR and 13C NMR chemical shifts were 

quoted in ppm relative to residual solvent peaks, whereas 31P{1H} NMR chemical 

shifts were quoted in ppm relative to 85% phosphoric acid in water. IR spectra 

were recorded using Attenuated Total Reflection (ATR) technique unless 

otherwise cited. High-resolution mass spectra (HRMS) were recorded by using 

an electrospray ionization (ESI) method in positive mode on a Waters LCT 

Premier mass spectrometer. Melting points were determined in open capillaries 

and are uncorrected. UV spectra were recorded on a UV-vis spectrometer using 

10 mm quartz cells. Emission spectra were recorded on an Aminco·Bowman 

Series 2 spectrofluorimeter using 10 mm quartz cells. Optical rotations were 

measured on a Jasco P-1030 polarimeter. ITC data were obtained on a VP-ITC 

Microcalorimeter, MicroCal, LLC (Northampton, MA). Enantiomeric excesses 

were determined by GC or HPLC on using chiral stationary phases. GC analyses 

were performed on an Agilent 6890N chromatograph equipped with a FID 

detector. HPLC analyses were performed on an Agilent 1200 Series 

chromatograph equipped with a diode array UV detector. Elemental analyses 

were performed on a LECO CHNS-932 elemental analyzer.  
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1.3.2 Synthetic procedure of c rown ether -containing P=O receptors  81 

1.3.2.1 Synthetic procedure of the bistosylated polyethylene oxide derivatives 

84a-e 

Bistosylated polyethylene oxide derivatives 84a-c are commercially 

available. Compound 84e was synthesized from catechol 89 and 8-Tosyloxy-3,6-

dioxaoctanol 86 following a previously reported procedure.130 Compound 84d 

was synthesized following the same strategy than for 84e. 

Compound 88:  8-Tosyloxy-3,6-dioxaoctanol 86130 

(3.23 g, 10.61 mmol) and Cs2CO3 (4.89 g, 15 mmol) 

were added to [1,1'-biphenyl]-2,2'-diol 87 (1.00 g, 5.4 

mmol) in dry DMF (140.0 mL) and the resulting mixture 

was heated at 70 °C for 24 h. The brown mixture was 

quenched with ice and then concentrated under reduced pressure. The crude 

product was purified by column chromatography over silica gel (EtOAc/MeOH 

90/10 as the eluent) to afford the desired product 88 as yellow oil (1.02 g, 42% 

yield). 1H NMR (400 MHz, CDCl3) d 7.26-7.20 (m, 4H), 6.97-6.91 (m, 4H), 

4.07-4.04 (m, 4H), 3.65-3.49 (m, 16H), 2.92-2.84 (m, 4H); 13C{1H} NMR (100 

MHz, CDCl3) d 156.6, 131.6, 128.42, 128.38, 120.6, 112.4, 72.5, 70.8, 70.4, 69.6, 

68.5, 61.6. Spectroscopic data for this compound were in agreement with the 

reported ones.131 

Compound 84d: Compound 88 (0.25 g, 0.55 

mmol) was dissolved in 30.0 mL of THF and a solution of 

sodium hydroxide (80 mg, 2.00 mmol) in H2O (20.0 mL) 

was added at 0 ºC (ice bath). A solution of tosyl chloride 

(1.05 g, 5.50 mmol) in THF (60.0 mL) was added 

dropwise (3 h) to the above solution. The mixture was further stirred overnight, 

THF was evaporated under reduced pressure and the residue was extracted with 

ethyl acetate (3 x 30 mL) and dried over anhydrous magnesium sulfate. The 

crude product was purified by column chromatography over silica gel 

(hexane/EtOAc 30/70 as the eluent) to afford 84d (300 mg, 72% yield). IR (neat, 

                                            
130

 Zhu, X.-Z.; Chen, C.-F. J. Am. Chem. Soc. 2005, 127, 13158. 
131

 Czech, B.; Czech, A.; Bartsch, R. A. J. Heterocycl. Chem. 1984, 21, 341. 
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cm-1) u 3270, 3067, 2919, 2873, 1646, 1596, 1540, 1530, 1480, 1439, 1399, 

1355, 1289, 1262, 1237, 1188, 1176, 1123, 1096, 1058, 921, 816, 755, 663, 554; 

1H NMR (400 MHz, CDCl3) d 7.78 (d, J  = 8.2 Hz, 4H), 7.32 (d, J  = 8.2 Hz, 4H), 

7.29-7.24 (m, 4H), 6.99-6.92 (m, 4H), 4.12-4.03 (m, 8H), 3.66-3.58 (m, 8H), 

3.45-3.40 (m, 8H), 2.43 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3) d 156.3, 144.8, 

133.0, 131.6, 129.8, 128.4, 128.3, 127.9, 120.5, 112.4, 70.8, 69.7, 69.2, 68.6, 

68.5, 21.6; HRMS (ESI+): m/z [M+Na]+ calcd for C38H46O12S2Na 781.2328, found 

781.2294. 

1.3.2.2 General synthetic procedure for receptors (rac)-81a-e 

In a 250 mL dry two-necked flask, a solution of (rac)-80132 (0.85 mmol) and 

Cs2CO3 (8.50 mmol) in dry DMF (60.0 mL) was stirred for 1.5 h at 60 ºC under 

argon. To this solution, 0.85 mmol of the corresponding bistosylate derivative 

(84a-e) dissolved in 50.0 mL of DMF were added very slowly (6-8 h) under 

argon. The reaction mixture was stirred at 60 ºC for another 12-14 h. The mixture 

was then quenched with water (5.0 mL) and the solvents removed in vacuo at 

50 ºC. The resulting aqueous solution was extracted with EtOAc (3 x 40.0 mL) 

and the combined organic layers were dried over MgSO4, filtered and 

evaporated. The resulting residue was purified by flash chromatography on SiO2 

using EtOAc/MeOH as eluent to give the expected crown ether receptors (rac)-

81a-e. 

Compound ( rac )-81a: Compound (rac)-81a was 

synthesized following the general procedure, from 

bistosylate 84a (0.390 g, 0.85 mmol), Cs2CO3 (2.77 g, 

8.50 mmol) and (rac)-80 (0.500 g, 0.85 mmol). The 

product was obtained as a white solid (0.250 g, 42% yield) after chromatography 

with silica gel (EtOAc/MeOH 90/10 as the eluent). Mp: 298-305 °C; IR (neat, 

cm-1) u 3053, 2886, 1567, 1435, 1258, 1191, 1116, 742, 694, 533; 1H NMR (400 

MHz, CDCl3) d 7.74-7.58 (m, 8H), 7.44-7.33 (m, 12H), 7.21-7.17 (m, 2H), 

6.82-6.75 (m, 4H), 3.90-3.84 (m, 2H), 3.55-3.52 (m, 2H), 3.40-3.21 (m, 8H). 

                                            
132

 a) Schmid, R.; Foricher, J.; Cereghetti, M.; Schoenholzer, P. Helv. Chim. Acta 1991, 74, 370. 
b) Qiu, L. Q.; Qi, J. Y.; Ji, J. X.; Zhou, Z. Y.; Yeung, C. H.; Choi, M. C. K.; Chan, A. S. C. Acta 
Crystallogr., Sect. C: Cryst. Struct. Commun. 2003, C59, o33. 
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13C{1H, 31P} NMR (100 MHz, CDCl3) d 156.0, 134.9, 133.9, 133.2, 132.6, 132.4, 

130.9, 130.6, 130.5, 128.0, 127.6, 127.5, 124.7, 113.4, 70.2, 69.5, 66.1; 31P{1H} 

NMR (162 MHz, CDCl3) d 31.8 (s); HRMS (ESI+): m/z [M+H]+ calcd for 

C42H39O6P2 701.2144, found 701.2199. 

Compound ( rac )-81b: Compound (rac)-81b 

was synthesized following the general procedure, from 

bistosylate 84b (0.350 g, 0.68 mmol), Cs2CO3 (2.22 g, 

6.80 mmol) and (rac)-80 (0.400 g, 0.68 mmol). The 

product was obtained as a white solid (0.258 g, 51% yield) after chromatography 

with silica gel (EtOAc/MeOH 92/8 as the eluent). Mp: 268-275 °C; IR (neat, cm-1) 

u 3391, 3054, 2866, 1569, 1437, 1260, 1192, 1116, 749, 697, 534; 1H NMR (400 

MHz, CDCl3) d 7.71-7.64 (m, 8H), 7.48-7.28 (m, 12H), 7.21 (ddd, J = 7.8 Hz, J = 

3.6 Hz, 2H), 6.91-6.81 (m, 4H), 3.87-3.83 (m, 2H), 3.47-3.28 (m, 10H), 

3.17-3.02 (m, 4H); 13C{1H,31P} NMR (125 MHz, CDCl3) d 156.7, 135.4,  134.0, 

132.4, 132.3, 132.2, 131.0, 130.9, 130.8, 128.0, 127.8, 127.6, 125.3, 113.7, 71.4, 

71.2, 69.7, 67.7; 31P{1H} NMR (162 MHz, CDCl3) d 31.8 (s); HRMS (ESI+): m/z 

[M+H]+ calcd for C44H43O7P2 745.2406, found 745.2480. 

Compound ( rac )-81c: Compound (rac)-81c 

was synthesized following the general procedure, 

from bistosylate 84c (0.466 g, 0.85 mmol), Cs2CO3 

(2.77 g, 8.50 mmol) and (rac)-80 (0.500 g, 0.85 

mmol). The product was obtained as a white solid (0.310 g, 45% yield) after 

chromatography with silica gel (EtOAc/MeOH 90/10 as the eluent). Mp: 274-278 

°C; IR (neat, cm-1) u 3055, 2886, 1566, 1483, 1253, 1190, 1116, 1066, 742, 694, 

533; 1H NMR (400 MHz, CDCl3) d 7.69-7.63 (m, 8H), 7.50-7.21 (m, 12H), 

7.26-7.21 (m, 2H), 6.88-6.83 (m, 4H), 3.87-3.81 (m, 2H), 3.62-3.21 (m, 16H), 

3.07-3.01 (m, 2H); 13C{1H,31P} NMR (125 MHz, CDCl3) d  156.6, 135.3, 134.0, 

132.4, 132.3, 132.2, 130.9, 130.6, 128.0, 127.8, 127.7, 125.2, 113.6, 71.0, 70.8, 

70.7, 69.0, 68.0; 31P{1H} NMR (162 MHz, CDCl3) d 31.5 (s); HRMS (ESI+): m/z 

[M+H]+ calcd for C46H47O8P2 789.2668, found 789.2723. 
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Compound ( rac )-81d:  Compound 

(rac)-81d was synthesized following the 

general procedure, from bistosylate 84d 

(0.645 g, 0.85 mmol), Cs2CO3 (2.77 g, 8.50 

mmol) and (rac)-80 (0.500 g, 0.85 mmol). 

The product was obtained as a white solid (0.420 g, 49% yield) after 

chromatography with silica gel (EtOAc/MeOH 90/10 as the eluent). Mp: 125-130 

ºC; IR (neat, cm-1) u 3407, 3192, 3088, 2917, 2870, 1627, 1568, 1436, 1393, 

1283, 1258, 1202, 1153, 1112, 1050, 1035, 720, 709, 692, 531; 1H NMR (400 

MHz, CDCl3) d 7.74-7.61 (m, 8H), 7.52-7.35 (m, 8H), 7.34-7.14 (m, 10H), 

7.03-6.79 (m, 8H), 4.07-3.99 (m, 4H), 3.85-3.73 (m, 2H), 3.68-3.52 (m, 4H), 

3.39-3.17 (m, 10H), 3.15-3.06 (m, 2H), 2.98-2.88 (m, 2H); 13C{1H,31P} NMR 

(100 MHz, CDCl3) d 156.5, 135.2, 133.9, 132.5, 132.4, 132.3, 131.2, 131.0, 

130.9, 128.8, 128.5, 128.0, 127.9, 127.7, 125.2, 120.6, 113.4, 112.3, 70.8, 70.7, 

69.7, 68.9, 68.0, 67.8; 31P{1H} NMR (162 MHz, CDCl3) d 31.5 (s); HRMS (ESI+): 

m/z [M+H]+ calcd for C60H59O10P2 1001.3505, found 1001.3596. 

Compound ( rac )-81e: Compound 

(rac)-81e was synthesized following the 

general procedure, from bistosylate 84e 

(0.410 g, 0.60 mmol), Cs2CO3 (1.96 g, 6.01 

mmol) and (rac)-80 (0.352 g, 0.60 mmol). 

The product was obtained as a white solid 

(0.305 g, 65% yield) after chromatography with silica gel (EtOAc/MeOH 90/10 as 

the eluent). Mp: 148-150 ºC; IR (neat, cm-1) u 3055, 2864, 1567, 1504, 1434, 

1254, 1195, 1114, 943, 745, 693, 523; 1H NMR (400 MHz, CDCl3) d 7.71-7.63 

(m, 8H), 7.49-7.30 (m, 12H), 7.23-7.19 (m, 2H), 6.91-6.83 (m, 8H), 4.14-4.08 

(m, 4H), 3.82-3.79 (m, 6H), 3.61-3.48 (m, 4H), 3.36-3.17 (m, 8H), 2.97-2.92 (m, 

2H); 13C{1H,31P} NMR (100 MHz, CDCl3) d 156.5, 149.1, 135.2, 134.0, 132.5, 

132.4, 132.2, 131.0, 130.9, 128.0, 127.8, 127.7, 125.2, 121.5, 114.4, 113.4, 71.0, 

70.8, 69.9, 69.3, 69.0, 68.1; 31P{1H} NMR (162 MHz, CDCl3) d 31.5 (s); HRMS 

(ESI+): m/z [M+H]+ calcd for C54H55O10P2 925.3192, found 925.3276. 
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1.3.3 Measurements of binding constants by UV -vis absorption 
spectroscopy  

Solutions of the receptors (rac)-81 (ca. 10-4 M) were prepared in 

DCM/MeOH (99.5/0.5 v/v). Solutions of the corresponding dicarboxylic acids (ca. 

10-2 M) were also prepared in the same solvent mixture. The receptor solution 

was placed in a 1 cm quartz cell. The titration was carried out by adding at 298 K 

incremental amounts of guest (dicarboxylic acids) to the host solution (receptors 

(rac)-81a-e or Li+ or Na+
¶(rac)-81a-e [prepared in situ by adding 10 equivalents 

of the corresponding perchlorate to (rac)-81a-e]), which led to changes in the 

absorbance. UV-visible titration data was analyzed using multivariate factor 

analysis and considering a binding model with two colored stoichiometric states 

of the crown ethers: unbound, and 1:1 complex.133 SPECFIT software (Version 

3.0; Spectra Software Associates) was used.134 

1.3.3.1 Qualitative binding determination of (rac)-81a and different carboxylic 
acids 

 

Figure 45. Change in UV-vis spectrum of (rac)-81a (1.17 x 10-4 M) upon addition of 
excess amount (10 equivalents) of different dicarboxylic acids in DCM/MeOH 

mixture (95.5/0.5 v/v) at 298 K (same type of spectral change was observed for 
other receptors) 

                                            
133

 a) Connors, K. A. Binding Constants: The measurement of Molecular Complex Stability, John 
Wiley & Sons, New York, N. Y. 1987, 350 pp. b) Novikov, E.; Stobiecka, A.; Boens, N. J. Phys. 
Chem. A 2000, 104, 5388. 
134

 a) Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbuehler, A. D. Talanta 1985, 32, 95. 
b) Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbuehler, A. D. Talanta 1986, 33, 943. 
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1.3.3.2 Quantitative binding determination of 81 with different carboxylic acids 

 

Figure 46. UV-vis titration: (rac)-81a (1.17 x 10-4 - 1.12 x 10-4 M) upon addition of 

different amounts of oxalic acid (0 M - 6.89 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) 
at 298 K 

 

Figure 47. UV-vis titration: (rac)-81a (1.23 x 10-4 - 1.17 x 10-4 M) upon addition of 

different amounts of malonic acid (0 M - 6.80 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) 
at 298 K 
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Figure 48. UV-vis titration: (rac)-81b (1.14 x 10-4 - 1.09 x 10-4 M) upon addition of 

different amounts of oxalic acid (0 M - 6.96 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) 
at 298 K 

 

Figure 49. UV-vis titration: (rac)-81b (1.19 x 10-4 - 1.12 x 10-4 M) upon addition of 

different amounts of malonic acid (0 M - 8.72 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) 
at 298 K 
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Figure 50. UV-vis titration: (rac)-81c (1.12 x 10-4 - 1.08 x 10-4 M) upon addition of 

different amounts of oxalic acid (0 M - 7.27 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) 
at 298 K 

 

Figure 51. UV-vis titration: (rac)-81c (1.05 x 10-4 - 1.00 x 10-4 M) upon addition of 

different amounts of malonic acid (0 M - 6.80 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) 
at 298 K 
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Figure 52. UV-vis titration: (rac)-81e (9.83 x 10-5 - 9.40 x 10-5 M) upon addition of 

different amounts of oxalic acid (0 M - 7.59 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) 
at 298 K 

 

Figure 53. UV-vis titration: (rac)-81e (9.83 x 10-5 - 9.42 x 10-5 M) upon addition of 

different amounts of malonic acid (0 M - 1.32 x 10-3 M) in DCM/MeOH (99.5/0.5 v/v) 
at 298 K 
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Figure 54. UV-vis titration: Li+¶(rac)-81a (1.20 x 10-4 M - 1.17x 10-4 M in (rac)-81a 
and 10 equivalents of LiClO4) upon addition of different amounts of oxalic acid (0 M 

- 1.63 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) at 298 K 

 

Figure 55. UV-vis titration: Li+¶(rac)-81a (1.17 x 10-4 M - 1.13 x 10-4 M in (rac)-81a 
and 10 equivalents of LiClO4) upon addition of different amounts of malonic acid 

(0 M - 4.87 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) at 298 K 
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Figure 56. UV-vis titration: Na+
¶(rac)-81a (1.23 x 10-4 M - 1.20 x 10-4 M in (rac)-81a 

and 10 equivalents of NaClO4) upon addition of different amounts of oxalic acid 

(0 M - 2.88 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) at 298 K 

 

Figure 57. UV-vis titration: Na+
¶(rac)-81a (1.20 x 10-4 M - 1.16 x 10-4 M in (rac)-81a 

and 10 equivalents of NaClO4) upon addition of different amounts of malonic acid 

(0 M - 4.06 x 10-4 M) in DCM/MeOH (99.5/0.5 v/v) at 298 K 








































































































































































































































































































































































































































