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Introduction 
 
The hypothesis of the tetrahedral arrangement of the four groups around a central 
carbon atom by Jacobus H. van‘t Hoff and Joseph A. Le Bel in 1874, can be considered 
as the starting point for the study of the three-dimensional structure of organic 
compounds known as stereochemistry.[1] Carbon atoms that have four different groups 
around the carbon atom are said to be stereogenic. If a compound contains just one 
stereogenic carbon atom, it is called chiral. More generally, molecules that are not 
superimposable on their structural mirror image are chiral; the separate mirror images 
are referred to as enantiomers. Enantiomers have the same physicochemical properties, 
but behave differently under certain conditions. The discovery of new routes for the 
preparation of enantiomerically pure compounds of interest for industrial production 
is one of the most actively pursued goals in synthetic chemistry. Target molecules 
comprise pharmaceuticals, vitamins, agrochemicals and flavorants. 

There exist three main routes for the preparation of enantiopure compounds. The 
first method is the separation of racemates by means of resolution techniques. Another 
strategy is the transformation of an enantiomerically pure precursor provided by 
natural sources often referred to as ‘chiral pool synthesis’. Thirdly, enantiopure 
compounds can be obtained using asymmetric synthesis using both catalytic and 
stoichiometric methods. In terms of atom economy, enantioselective catalysis, either 
biocatalytic or chemocatalytic, is one of the most efficient ways to synthesize 
enantiopure compounds.  

In biocatalysis, the use of enzymes for organic transformations finds more and more 
application,[2] primarily due to the excellent activity, chemo- regio- and 
enantioselectivity displayed by enzymes.[3] The ‘three-point attachment rule’ suggested 
back in 1948 by Alexander G. Ogston is widely used to explain the enantioselectivity of 
enzymes.[4] The theory assumes that interaction in at least three configuration-
dependent points is needed for chiral induction and that generally, many functional 
groups and often also coordinated metals, have to work together in the active site of the 
enzyme to affect enantioselective catalysis. In doing so, enzymes combine molecular 
recognition for substrate orientation with catalytic centers. The term molecular 
recognition refers to the specific interaction between two or more molecules through 
non-covalent interactions such as hydrogen bonding, metal coordination, van der 
Waals forces, π-stacking and electrostatic effects. 

In the field of chemocatalysis, homogeneous catalysis using transition metals has 
received much attention during the past decades and has proven useful and versatile in 
numerous enantioselective transformations.[5] The development of catalytic 
asymmetric synthesis by William S. Knowles, Ryoji Noyori and K. Barry Sharpless was 
awarded with the Nobel Prize in Chemistry 2001.[6] Both the metal center and the large 
variety of ligands around it determine the properties of the catalyst.[7] Traditionally, 
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successful enantioselective catalysts contain rigid, chiral bidentate ligands, such as 
BINAP, DIOP, DIPAMP and DuPhos, which influence the selectivity through steric 
and electronic properties. 

Biocatalysis and chemocatalysis are often seen as complementary in terms of 
substrate scope, reaction conditions and reaction medium. The coorperation between 
the two fields, in for instance cascade reactions, is an intriguing development.[8] A first 
example involving the combined action of an enzyme and a metal catalyst is the direct 
one-pot conversion of glucose into mannitol using dynamic kinetic resolution, which 
was reported by Van Bekkum and coworkers in 1980.[9] Dynamic kinetic resolution 
(DKR) is a powerful tool to transform a racemic mixture into one enantiomer. This 
strategy overcomes the limitation of the maximum of 50 % yield in a kinetic resolution 
by combining enzyme catalysis (for the resolution of a racemate) and transition metal 
catalysis (for the racemization of the slow-reacting enantiomer) or vice versa.[10] 
Research in this area was expanded by Reetz,[11] Williams[12] and Bäckvall[13] with the 
introduction of chemoenzymatic DKR of amines, allylic alcohols and allylic acetates, 
and secondary alcohols. Noteworthy, in 2002 a large scale industrial process for 
chemoenzymatic DKR of secondary alcohols was developed at DSM Fine Chemicals.[14] 

In addition to the cooperation of biocatalysis and chemocatalysis, the development 
of bioinspired transition metal catalysts has received much attention.[15] In particular, 
the design of enantioselective transition metal catalysts by making use of secondary 
interactions between the ligand and the substrate, thereby aiming at enzyme-like 
behavior, is an interesting development.[16] Non-covalent secondary interactions 
comprise a variety of ligand-substrate interactions such as hydrogen bonding, 
electrostatic interactions and Lewis acid-base interactions.  

In this Chapter we will discuss examples of bioinspired transition metal catalysts 
with a focus on phosphine ligands. Phosphine-based (chiral) ligands are extremely 
versatile and have shown excellent properties in many catalytic reactions. The 
combination of phosphorus donor atoms with peptide fragments as a chiral 
environment around the metal center can result in enantioselective catalysts. Peptides 
consist of amino acids, which are generally optically active, readily available and 
relatively cheap. In the second part of this Chapter, important examples in the 
development of artificial metalloenzymes are presented. With the aim to combine the 
best of both homogeneous catalysis and biocatalysis, the principle of artificial 
metalloenzymes is based on the insertion of (non)-chiral metal catalysts into the active 
site of a host protein. 

Recently, two examples were presented in which high regioselectivities were 
obtained by molecular recognition between substrate and functionalized ligand.[17,18] 
Šmejkal and Breit reported the synthesis of the acylguanidine-functionalized phosphine 
1 (Scheme 1) that showed unusual regioselectivity in the rhodium-catalyzed 
hydroformylation of unsaturated carboxylic acids.[17] The guanidinium group is known 



Chapter 1 
 

10 

to form strong ion pairs with carboxylates and phosphates. In the hydroformylation of 
vinylacetic acid 2 regioselectivities up to 3/4 > 98:2 were obtained using ligand 1, 
whereas the use of PPh3 gave a typical regioselectivity of 3/4 = 1.3. Substrate 5, which 
bears two alkene functional groups at different distances from the acid moiety, was 
subjected to hydroformylation. Using PPh3 as a ligand, rates of hydroformylation of the 
two alkene functionalities were very similar and a mixture of several mono- and 
dihydroformylated products was obtained. Using ligand 1, aldehyde 6 could be 
selectively prepared in high yield (80 %). 
 
 
 
 
 
 
 
Scheme 1. Acylguanidine-functionalized phosphine ligand 1 applied in the rhodium-catalyzed 
hydroformylation of unsaturated carboxylic acids. 
 

Crabtree, Brudvig and coworkers presented a catalyst (7) containing a manganese 
core and a ligand based on Kemp’s triacid (Scheme 2).[18] The carboxy group of the 
ligand can interact with the carboxy group of the substrate through hydrogen bonding, 
leading to specific substrate orientation. Using catalyst 7 in the oxidation of Ibuprofen 
8 yielded product 9, claimed to be favored by molecular recognition, in over 98 %. The 
yield of 9 dropped to 77 % when a catalyst without the carboxy group was employed.  

 
 

 

 
 
 
 
Scheme 2. Manganese-catalyst 7 containing a distant carboxy group applied in the regioselective 
oxidation of ibuprofen 8. 

 
These two examples nicely illustrate the successful implementation of non-covalent 

secondary interactions in regioselective homogeneous catalysis. In terms of 
enantioselective catalysis, an early example was presented by Hayashi et al., who 
reported the asymmetric hydrogenation of acrylic acids in the presence of a chiral 
(aminoalkyl)-ferrocenylphosphine-rhodium catalyst.[19] The high enantioselectivity, 
more than 97 % enantiomeric excess (ee), was ascribed to the attractive interaction 
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between the amino group on the ferrocenylphosphine 11 (Scheme 3a) and the carboxyl 
group of the substrate. In subsequent studies, related ligands were successfully applied 
in palladium-catalyzed asymmetric allylic alkylation[20] and amination[21] reactions. 

In 1982, Hayashi and coworkers designed diphosphine ligands containing a chiral 
amino acid residue remote from the achiral phosphino groups (12) and demonstrated 
that they are fairly effective for the palladium-catalyzed asymmetric allylic alkylation of 
the sodium enolate of 2-acetylcyclohexanone (13) with allyl acetate (Scheme 3).[22] The 
observed enantioselectivity of 52 % ee was attributed to the interaction between the 
chiral amino acid of the ligand and the sodium enolate.  
 
 
 
 
 
 
 
Scheme 3. a) Ferrocenylphosphine ligand displaying secondary interactions. b) Amino acid 
containing diphosphine ligand. c) Pd-catalyzed allylic alkylation of 2-acetylcyclohexanone. 
 

In the field of asymmetric organocatalysis, amino acids and peptides have been 
extensively employed.[23] The use of amino acid fragments in transition metal catalysis 
has been studied to a lesser extent. Peptide-based catalysts offer attractive and practical 
options in the development of asymmetric transformations. Peptides are easily 
prepared, consist of readily available chiral building blocks and can interact with 
functionalized substrates. The following paragraph will give an overview of peptide-
based and amino acid-derived phosphine ligands used in asymmetric catalysis. 
 
 
Peptide-based phosphine ligands 
 
The pioneering work of Gilbertson and coworkers,[24] reported over the last fifteen 
years, constitutes important examples of peptide-based phosphines as ligands for 
transition metal catalysts. Amino acid-based phosphine building blocks 15-17 (Figure 
1) were synthesized and positioned into peptide sequences with engineered helical and 
turn structures, and used as ligands in several transition metal catalyzed asymmetric 
transformations. In 1994, Gilbertson and coworkers developed a system that allowed 
the incorporation of phosphine-containing amino acids into any peptide sequence 
attainable by solid-phase peptide synthesis.[25] Phosphine sulfides 18 and 19 were 
obtained in nine synthetic steps and the phosphine-containing amino acids were used 
in the synthesis of a peptide with 12 amino acid residues.  
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Figure 1. Amino acid-based phosphine ligands developed by Gilbertson. 
 
Treatment of the peptide with Raney nickel converted the phosphine sulfides to the free 
phosphines. The diphosphine was reacted with [RhCl(nbd)]ClO4 to obtain peptide-
phosphine-metal complex 20 (Scheme 4). The developed solid-phase peptide synthesis 
procedure was employed for the synthesis of libraries of phosphine-containing 
peptides. These libraries were evaluated in the asymmetric hydrogenation of methyl α-
acetamidoacrylate 21 with the complex still attached to the polymer-support reaching 
enantioselectivities up to 18 %.[26] In 1998, a more efficient synthetic route towards 
phosphine-functionalized alanine derivatives was reported by Burgess and 
coworkers.[27]  
 
 
 
 
 
 
 
 
 
Scheme 4. a) Phosphine-containing alanine derivatives. b) Peptide sequence with a helical secondary 
structure. c) Hydrogenation of methyl α-acetamidoacrylate (21). 
 

More recently, Gilbertson et al. reported the synthesis of phosphine libraries based 
on a well-known β-turn motif; the combination of L-proline with a D-amino acid.[28] 
The amino acid sequence, the residues at the ends of the peptide and the aromatic 
groups on the phosphines were used as the source of diversity in the creation of the 
ligand libraries. A new route to phosphine-containing amino acids was developed to 
facilitate the synthesis of the libraries.[29] The β-turn ligands 23 and 24 were applied in 
the palladium-catalyzed reaction of 3-acetoxycyclopentene 25 with dimethylmalonate 
26 providing the product 27 in up to 95 % ee (Scheme 5). It was shown that the 
selectivity of these catalysts is due to the β-turn secondary structure and not to the 
chirality of the individual amino acids. 
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Scheme 5. a) Phosphine-containing amino acids in β-turn motifs. b) Palladium-catalyzed allylic 
alkylation of 3-acetoxycyclopentene (25). 

 
Le Floch and coworkers reported the synthesis of readily available amino acid 

building blocks for the preparation of phosphole-containing peptides.[30] Nucleophilic 
substitution of a phospholide anion onto protected 3-iodoalanine resulted in the 
formation of an amino acid with an appended phosphole (28, Figure 2). So far 
phosphole 28 has only been characterized but it may serve as building block to be 
integrated into polypeptides, thus forming the basis for biocompatible transition metal 
catalysts. 
 
 
 
 
 
 
 
Figure 2. Phosphole-containing amino acid 28 and proline derived phosphine ligands 29 and 30. 

 
Gilbertson and Pawlick reported the synthesis of a phosphine derivative of proline 

as well.[31] Starting from trans-hydroxyproline, phosphine 29 (Figure 2) was obtained 
using a laborious synthetic route in which a major problem was the protection of the 
acid function from attack by the highly nucleophilic phosphide anion. The amino acid 
residue was placed in a short peptide sequence possessing a β-turn secondary structure. 
In search for a shorter synthetic route, the oxazoline group turned out to be an 
excellent group for the protection of the acid moiety during the nucleophilic addition. 
The phosphine-oxazoline intermediates 30 were used as ligands in the palladium-
catalyzed asymmetric allylic alkylation of cyclopentenyl acetate 25 and dimethyl 
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malonate 26 providing the product with up to 96 % enantiomeric excess. The same 
system catalyzed the Heck reaction between dihydrofuran and cyclohexene in up to    
86 % ee.[32] A different class of phosphine-oxazoline ligands was applied by Gilbertson 
and coworkers in the palladium-catalyzed addition of dimethyl malonate to 1,3-
diphenylallyl acetate reaching enantioselectivities up to 98 %.[33] 

In addition to the phosphine-containing alanine and proline derivatives, Gilbertson 
developed a method for the conversion of aromatic amino acids into phosphines.[34] 
Conversion of the protected amino acids to their triflates was achieved by the reaction 
with N-phenyltrifluoromethanesulfonamide and diisopropyl-ethylamine. Reaction of 
aryl triflate 32 with diphenylphosphine and Pd(OAc)2 in the presence of dppb gave the 
phosphine amino acid 33 (Scheme 6). This reaction was run on a tyrosine-containing 
pentapeptide yielding the phosphine-containing peptide in   78 % yield. In 1997, Stelzer 
and coworkers reported the synthesis of ortho- and para-phosphinophenyl derivatives 
of glycine and alanine by nucleophilic phosphination of 2- and 4-fluorophenylglycine 
and -alanine with Ph2PK.[35] A few years later, Kraatz and Pletsch synthesized similar 
(4-diphenylphosphanyl)-derivatives of D- and L-phenyl-alanine using a palladium-
catalyzed cross-coupling reaction of diphenylphosphine and the corresponding iodo-
aromatic amino acid precursor.[36] Neither of these cases described application in 
catalysis. 
 
 
 
 
 
 
 
Scheme 6. Conversion of aromatic amino acids into phosphines. 
 

The development of resin-bound catalysts based upon phosphine-functionalized 
peptides by Gilbertson and coworkers inspired other researchers. Wills et al. 
functionalized poly-amino acid fragments with p-diphenylphosphino benzoic acid 
using EDC/HOBt.[37] The supported phosphines (34) were employed as ligands in the 
palladium-catalyzed allylic alkylation of dimethyl malonate 26 with allylic acetate 35 
(Scheme 7). The supported reagents were able to catalyze the substitution, but in none 
of the cases an enantiomeric excess was observed. Wills assumed the phosphine-
functionalized side-chains in the polymers were too distant from the stereogenic 
centers to be capable of transferring chiral information from the support to the 
products. 
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Scheme 7. a) Supported peptide-based phosphine ligands. b) Pd-catalyzed allylic alkylation of 1,3-
diphenylallyl acetate (35). 
 

A different methodology for the solid-phase synthesis of peptide-based phosphine 
ligands was developed by Meldal and coworkers.[38] Phosphine moieties were 
introduced by phosphinomethylation of the free amines as the final solid-phase 
synthetic step. The resin-bound ligands 37 and 38 (Figure 3) were applied in the 
palladium-catalyzed asymmetric allylic substitution of 1,3-diphenylallyl acetate 35 and 
malonate 26 obtaining moderate enantioselectivities (up to 21 %). In a more recent 
study, the methodology was employed for the solid-phase synthesis of peptide-based 
P,S-ligand systems that gave the product (36) of the same Pd-catalyzed reaction with 
enantioselectivities up to 60 %.[39] 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Supported peptide-based bidentate phosphine ligands developed by Meldal. 
 

In 2001, Landis and coworkers reported the facile synthesis of mono- and bis-3,4-
diazaphospholanes.[40] The asymmetry of the phospholane ring in combination with the 
diversity of amino acid fragments provided ligand libraries successfully applied in 
palladium-catalyzed asymmetric allylic alkylation reactions[41] and rhodium-catalyzed 
enantioselective hydroformylation reactions.[42] Furthermore, Landis employed the 
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advantages of solid-phase synthesis in the formation of a library of resin-bound 
diazaphospholanes 39 (Figure 4).[43] Enantioselectivities up to 92 % were reached in the 
Pd-catalyzed allylic alkylation of 1,3-dimethylallyl acetate with dimethyl malonate. 
 
 
 
 
 
 
 
 
Figure 4. Resin-bound chiral 3,4-diazaphospholanes. 

 
Phosphine-functionalized peptides complexing transition metals have also been 

applied in solution-phase catalysis. Hoveyda et al. reported the synthesis of a library of 
diphenylphosphine Schiff-base dipeptide derivatives (40).[44] The ligands were prepared 
in parallel on solid-support and were subsequently cleaved before use. Ligand diversity 
was achieved by the choice of the two amino acid fragments as well as the protecting 
group R3 (Scheme 8a). The modular peptide-based phosphine ligands were tested in 
copper-catalyzed conjugate additions to five-, six-, and seven-membered cyclic enones 
(42). The products were obtained with enantiomeric excesses higher than 98 %. The 
same library was also screened for the Cu-catalyzed asymmetric conjugate addition of 
dialkylzinc reagents to acyclic aromatic, aliphatic and β-silyl ketones,[45] to cyclic 
nitroalkenes,[46] and to trisubstituted cyclic enones.[47] In all cases good to excellent 
enantioselectivities (up to 98 %) were obtained.  

 
 
 
 
 
 
 
Scheme 8. Peptide-based phosphine ligands developed by a) Hoveyda and b) Breit. c) Cu-catalyzed 
enantioselective addition of dialkylzinc reagents to cyclic enones. 
 

Similar peptidyl phosphine ligands were developed by Breit and Laungani.[48] Using 
ligand 41 (Scheme 8b), enantioselectivities above 97 % ee were observed in the 
conjugate addition of dialkylzinc reagents to cyclic enones. The peptide chain was 
presented as a non-covalent analogue of Breit’s substrate bound reagent-directing 
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for the formation of bidentate ligands through self-assembly via hydrogen-bonding 
between the peptide side-chains.[50] 
 
 
 
 
 
 
 
 
Scheme 9. a) Valine-derived phosphine ligands. b) Palladium-catalyzed allylic alkylation of 2-
cyclohexen-1-yl pivalate (46). 
 

Phosphorus-containing amidine 44 was prepared by Achiwa, Morimoto and 
coworkers through several steps from L-valine.[51] The ligand was evaluated in the 
palladium-catalyzed allylic alkylation of 1,3-diphenylallyl acetate with the nucleophile 
derived from dimethyl malonate. Levels of asymmetric induction up to 95 % ee were 
achieved. In a more recent study, a novel C2-symmetric chiral diphosphine ligand 45 
was developed by Morimoto.[52] The ligand demonstrated high levels of asymmetric 
induction (> 99 % ee) in the palladium-catalyzed allylic alkylation of 2-cyclohexen-1-yl 
pivalate 46 with dimethyl malonate (Scheme 9). 

Brunner and coworkers synthesized a series of chiral phosphine imine ligands 48 by 
Schiff base condensation of 2-formylphenyldiphenylphosphine with optically active 
amino alcohols (Figure 5).[53] Alkylation of 1,5-dimethylbarbituric acid with allyl 
acetate using palladium(II) acetylacetonate and chiral ligand 48 resulted in the 
formation of 5-allyl-1,5-dimethylbarbituric acid as the main product with up to 34 % 
ee. More recently, Brunner developed diphosphine ligands 49-51 which contain 
optically active amino alcohols at an appropriate distance from the phosphine moieties 
aiming at the formation of a second coordination sphere.[54] The ligands were evaluated 
in several rhodium- and palladium-catalyzed reactions displaying low enantioselective 
inductions. 
 
 
 
 
 
 
 
 
Figure 5. Chiral phosphine imine ligands developed by Brunner. 
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Besides the use of amino acid fragments as source of chirality, nucleotides and 
glycosides can be employed. Our group recently reported the Pd-catalyzed synthesis of 
nucleotides and oligonucleotides functionalized with phosphine moieties.[55] The 
nucleotides (52) were used as ligands for the palladium-catalyzed asymmetric 
substitution reaction of 1,3-diphenylallyl acetate 35 and benzylamine 53 (Scheme 10). 
It was believed that secondary interactions such as hydrogen bonding ruled the transfer 
of chirality from the distant sugar to the phosphine as both the solvent and the 
substituents of the ribose had a tremendous influence on the stereoselectivity of the 
catalytic reaction. By changing the reaction solvent from THF to DMF, the 
enantiomeric excess of the substitution product 54 switched from 80 % (S) to 14 % (R) 
respectively. In the same year, Jäschke et al. reported the coupling of phosphine ligands 
equipped with a carboxyl group to amino-modified oligonucleotides.[56] The DNA-
based phosphine ligands were so far only characterized and not applied in catalysis.  
 
 
 
 
 
 
 
 
 
Scheme 10. Phosphine-containing nucleotides (52) used in the palladium-catalyzed allylic amination 
of 1,3-diphenylallyl acetate. 
 
 
Artificial metalloenzymes 
 
In addition to the development of amino acid- and peptide-based ligands, the use of 
biomacromolecules such as proteins and DNA for secondary interactions between 
ligand and substrate has received increasing attention in the field of homogeneous 
catalysis.[57,58] The incorporation of a transition metal complex in a protein broadens 
the reaction scope of enzymes, since numerous transformations known in the area of 
transition metal catalysis cannot be catalyzed by enzymes (e.g. hydroformylation, olefin 
hydrogenation and metathesis, allylic substitution). The introduction of an achiral 
catalytic moiety, which ensures activity, in a chiral pocket provided by a host protein is 
expected to produce active and (enantio)selective hybrid catalysts with a well defined 
second coordination sphere. Two complementary strategies have been pursued by 
various research groups for the generation of artificial metalloenzymes: a) covalent and 
b) non-covalent incorporation of a metal-containing moiety. 
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– Covalent anchoring approach 
Levine and Kaiser were the first to demonstrate that by chemical modification it was 
possible to introduce a cofactor in an enzyme that could perform a reaction previously 
unknown to the enzyme. The alkylation of the sulfhydryl group of a cysteine residue 
(Cys25, see Figure 6) in the active site of papain, a cysteine protease, by 7α-(bromo-
acetyl)-10-methylisoalloxazine and 8α-(bromoacetyl)-10-methylisoalloxazine produced 
semi-synthetic flavopapains 55 and 56 respectively.[59] The semisynthetic enzyme 56 
was shown to serve as a catalyst for the oxidation of dihydronicotinamide 57, 
exhibiting up to 670-fold rate accelerations relative to a model flavin (Scheme 11).[60] 
 
 
 
 
 
 
 
Scheme 11. Flavopapains as first example of covalently attached cofactors used as semisynthetic 
enzymes for the oxidation of dihydronicotinamides. 

 
Inspired by the work of Kaiser, several research groups have developed methods to 

covalently modify proteins by introducing transition metal complexes to yield 
(enantioselective) hybrid catalytic systems. Davies and Distefano used iodoacetamido-
1,10-phenanthroline to modify an unique cysteine residue located in the interior of 
ALBP (adipocyte lipid binding protein). Figure 6 shows a representation of the crystal 
structure of the ALBP adduct. The semisynthetic metalloenzyme was loaded with 
Cu(II) and the resulting ALBP-Cu(II) 60 was found to catalyze the enantioselective 
hydrolysis of several unactivated amino acid esters 61 in up to 86 % ee (Scheme 12).[61] 
The effect of positioning of the phenanthroline catalyst at different locations within the 
protein cavity was examined in a more recent study.[62] One of the new constructs 
promoted the hydrolysis reaction with improved enantioselectivity (94 % ee). 
 
 
 
 
 
 
 
Scheme 12. a) Preparation of ALBP-Cu(II) conjugates. b) Enantioselective hydrolysis of amino acid 
ester derivatives.  
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Figure 6. Cartoon representations of the crystal structure of papain (left, PDB ID 9PAP) and of the 
crystal structure of an ALBP adduct developed by Distefano (right, PDB ID 1A18). 
 

In 2002, Janda and coworkers demonstrated the use of antibodies for the generation 
of hybrid catalysts by the incorporation a metal-binding bis-imidazole cofactor into the 
aldolase antibody 38C2.[63] Antibody 38C2 contains a large combining-site pocket with 
a highly nucleophilic lysine residue that can be covalently modified. The resulting 
38C2-Cu conjugate 63 proved to be an active catalyst for the hydrolysis of picolinic 
acid ester 64 with a rate enhancement [kcat/kuncat] = 2.1 × 105 (Scheme 13). 
 
 
 
 
 
 
 
 
Scheme 13. Antibody conjugate 63 as active catalyst in the hydrolysis of picolinic acid ester. 
 

Following the work of Kaiser, Reetz and coworkers covalently modified the 
nucleophilic cysteine of papain by reaction with maleimide-derivated Mn-salen and 
dipyridines (Figure 6).[64] The catalysts 65 and 66 were reported to be active in 
epoxidation and hydrogenation reactions, but the enantioselectivity in these reactions 
was less than 10 %. 
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Figure 6. Covalent attachment of a) Cu-, Pd- and Rh-dipyridines complexes and b) Mn-salen 
derivatives to papain using the maleimide linker. 

 
A few years later, papain was modified at Cys25 with a monodentate phosphite 

ligand using phenacyl bromide as an anchor by De Vries and coworkers (Figure 7).[65] 
To overcome problems with cofactor insolubility,[66] the ligand was functionalized with 
two triethyleneglycol tails. The artificial enzyme 67 was tested in the rhodium-catalyzed 
hydrogenation of methyl 2-acetamidoacrylate (21) and turned out to be active but not 
enantioselective. Both Reetz[64] and De Vries[65] concluded that papain has too much 
conformational freedom to ensure a structurally defined metal complex and that other, 
more robust proteins may be more suitable as scaffolds.  

 
 
 
 
 
 
 
 
 
Figure 7. a) Papain modified with a monodentate phosphite ligand. b) Hydrogenation of methyl 2-
acetamidoacrylate.  
 

The importance of the degree of rigidity was demonstrated by Lu et al., who 
incorporated Mn-salen 68 into apo-myoglobin by methane thio-sulfonate groups that 
display high selectivity and reactivity towards cysteines (Scheme 14).[67] The special 
feature of this work consisted in the double anchoring of the salen catalyst, limiting the 
conformational freedom. The approach turned out to have a beneficial effect on the 
enantioselectivity in the sulfoxidation of thioanisole 69 as 51 % ee was obtained 
compared to 12 % ee provided by the same salen but with only one anchor. In addition, 
the important role of the polarity and hydrogen bonding of the protein scaffold in 
tuning the chemoselectivity was addressed.[68] 
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Scheme 14. a) Dual anchor manganese(III)-salen catalyst for the introduction into apo-myoglobin.  
b) Sulfoxidation of thioanisole (69). 

 
Phosphine ligands bearing a para-nitrophosphonate functionality (71) have been 

covalently linked to the serine residue in the active site of a lipase by Reetz et al. (Figure 
8a).[64] This was the first example of the covalent anchoring of phosphine ligands to 
biomacromolecules. However, the obtained hybrids were unstable due to basic 
hydrolysis of the phosphonate moiety and the catalytic activity of the native lipase was 
restored within 24 h.[69] 
 
 

 

 
 
 
 
Figure 8. p-Nitrophenol phosphonate esters used as anchoring unit by a) Reetz and by b) Van Koten. 
 

Van Koten and coworkers synthesized several metallopincer complexes 72 
containing the p-nitrophenol phosphonate esters as anchoring unit (Figure 8b).[70] 
Cutinase was treated with these organometallic phosphonate esters and the resulting 
hybrids were so far only characterized and not applied in catalysis. 

 
– Non-covalent anchoring approach 
In addition to the covalent anchoring approach, several research groups studied the 
non-covalent incorporation of transition metal catalysts in enzymes. The non-covalent 
insertion of metal cofactors can be achieved using (i) metal complexes anchored to 
native substrates or (ii) modified metal cofactors or synthetic metal complexes. The 
former strategy is often referred to as supramolecular anchoring and the latter one as 
dative anchoring. To ensure the localization of the transition metal catalyst within the 
biomacromolecule, a very strong non-covalent host-guest complexation system is 
mandatory. Wilson and Whitesides were the first to convert a protein into an 
homogeneous enantioselective hydrogenation catalyst.[71] In 1978, they reported the 
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construction of an hydrogenation catalyst based on embedding an achiral biotin-
functionalized rhodium-diphosphine moiety (73) inside avidin. Avidin was chosen 
since it was a well-characterized protein composed of four identical subunits, each of 
which binds the vitamin biotin or its derivatives sufficiently tightly that association is 
considered to be irreversible (Ka ≈ 1015 M–1). The artificial metalloenzyme was applied 
in the asymmetric hydrogenation of N-acetamidoacrylic acid 74, obtaining the product 
75 in 41 % ee (S) and with quantitative conversion (Scheme 15a). In 1999, Chan and 
coworkers reported the use of an enantiopure biotinylated pyrphos complex (76) in 
conjunction with avidin for the enantioselective hydrogenation of itaconic acid 77 
(Scheme 15b).[72] By varying the reaction conditions, the absolute configuration of the 
hydrogenation product ranged from 48 % (R) to 26 % (S). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 15. Enantioselective hydrogenation of a) N-acetamidoacrylic acid and b) itaconic acid using 
hybrid catalysts based on the biotin-avidin system. 
 

More recently, Ward et al. optimized this approach by using streptavidin as host 
protein.[73] As compared to avidin, streptavidin possesses a similar affinity for biotin (Ka 
≈ 1014 M–1) but the protein contains a deeper binding pocket. Site-specific mutagenesis 
and several ligand-spacer combinations generated rhodium-catalysts that hydrogenated 
acrylic acid 74 with enantioselectivities up to 96 % (Scheme 16). The artificial 
metalloenzymes displayed in some cases an higher activity in the reduction of 
acetamidoacrylic acid than the corresponding hydrogenation outside of the protein.[74] 
Second coordination sphere effects were assumed to be responsible for this 
acceleration. Introduction of enantiopure amino acid spacers between the biotin 
anchor and the diphosphine moiety considerably improved the activity and stability of 
the artificial metalloenzymes in rhodium-catalyzed hydrogenation reactions.[75] In 
addition, these so called second generation artificial hydrogenases displayed improved 
organic solvent tolerance. 
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Scheme 16. Biotinylated ligands for Rh-catalyzed asymmetric hydrogenations. 
 

Ward extended the approach developed by Wilson and Whitesides to transfer-
hydrogenation of ketones (Meerwein-Ponndorf-Verley reduction).[76] Biotin was 
modified with an amino sulfonamide scaffold and complexed with [η6-(arene)RuCl2]2 
to afford cofactor 89. In combination with mutants of streptavidin, the hybrid catalyst 
gave up to 94 % ee for the reduction of acetophenone 90 (Scheme 17). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 17. a) Biotinylated Ru-catalyst. b) Transfer hydrogenation of p-methylacetophenone 90.       
c) Surface representation of the crystal structure of streptavidin with cofactor 89 (PDB ID 2QCB). 
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An X-ray structure of the hybrid catalysts allowed the implementation of designed 
evolution for the optimization of the artificial transfer hydrogenases.[77] The hybrid 
metalloprotein was also able to catalyze the reverse reaction.[78] Phenylethyl alcohol was 
converted into the corresponding acetophenone using tert-butyl-hydroperoxide as 
oxidizing agent. 

In addition to the use of artificial metalloenzymes for enantioselective 
hydrogenation and transfer-hydrogenation reactions, Ward and coworkers 
demonstrated in 2008 that the biotin-avidin technology could be used for palladium-
catalyzed asymmetric allylic alkylation (Figure 9a).[79] With a combination of chemical 
and genetic optimization, the product of the substitution reaction of 1,3-
diphenylpropenyl acetate 35 and dimethyl malonate 26 was obtained with 
enantiomeric excesses ranging from 90 % (R) to 82 % (S). 

 
          
 
 
 
 
 
 
 
 
 
 
Figure 9. Streptavidin as host protein in artificial metalloenzymes for a) asymmetric allylic alkylation, 
and b) enantioselective sulfoxidation. 
 

In the same year, the Ward group reported the incorporation of a vanadyl ion into 
the biotin-binding pocket of streptavidin to afford an artificial enzyme for the 
enantioselective oxidation of prochiral sulfides.[80] The resulting metalloenzyme 
catalyzed the oxidation of dialkyl and alkyl-aryl sulfide substrates in up to 93 % 
enantiomeric excess. Electron paragmagnetic resonance spectroscopy, chemical 
modification, and mutagenesis studies suggested that the active precatalyst 
[VO(H2O)5]2+ interacts only via second coordination sphere contacts with the biotin-
binding pocket of streptavidin (Figure 9b).  

An attractive alternative method to obtain artificial protein-metal complexes is the 
use of antibodies against the chosen catalyst as the biological host. The Rh complex 92 
(Figure 10) was covalently attached to Keyhole Limpet Hemocyanin (KLH) or Bovine 
Serum Albumin (BSA) via activation of the carboxyl group by Harada and 
coworkers.[81] The resulting conjugates were used as an antigen. Four monoclonal 
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antibodies specific for complex 92 were used in the Rh-catalyzed hydrogenation of 
amino acid precursors. Using a mixture of Rh-complex 92 and the antibody as catalyst, 
one hit was reported with 98 % enantiomeric excess. 

 
 

 
 
 
 
 
 
Figure 10. Antibody-metal complex as catalyst in asymmetric hydrogenation. 
 

A different strategy for the preparation of hybrid catalysts is based on the non-
covalent insertion of metalloporphyrins into protein or antibody cavities. Keinan and 
Nimri employed an artificial antibody-metalloporphyrin to mimic the transition state 
of sulfoxidation reactions.[82] Using the assembly of antibody SN37.4 and ruthenium-
porphyrin 93, enantioselectivities up to 43 % were obtained in the oxidation of 
thioanisole 69 in the presence of PhIO as oxidant (Figure 11a).  
 
 
 
 
 
 
 
 
 
 
 
Figure 11. The non-covalent insertion of metalloporphyrins into antibody cavities. 

 
In 2004, Mahy and coworkers reported the reconstitution of antibody 3A3 with 

microperoxidase 8 (MP8), a heme octapeptide (94).[83] The imidazole side-chain of 
histidine in MP8 acts as proximal fifth ligand of the iron atom (Figure 11b). The 
presence of a fifth ligand providing the coordinatively saturated metal porphyrin is 
claimed to be critical for activity. The artificial 3A3-MP8 metalloprotein was found to 
catalyze the S-oxygenation of thioanisole using H2O2 as oxidizing agent with 45 % ee. 
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Mahammed and Gross reported a simple biomimetic oxidation system consisting of 
Mn(III) amphiphilic corrole complex 95 and serum albumins (Figure 12a).[84] The 
bissulfonated corrole and its metal complex were shown to form tightly bound non-
covalent conjugates with human serum albumin (HSA).[85] The albumin-conjugated 
manganese corroles were tested in the oxidation of aryl methyl sulfides utilizing 
hydrogen peroxide reaching up to 74 % ee in the sulfoxidation of 2-bromo thioanisole.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 The non-covalent insertion of a) metalloporphyrins and b) salphens into protein cavities.  
c) Cartoon representation of the crystal structure of an artificial myoglobin adduct (PDB ID 1J3F). 
 

Watanabe et al. demonstrated the insertion of achiral chromium(III)-salphen 
complex 96 into the active site of apomyoglobin (Figure 12b and 12c).[86] On the basis 
of the well documented reconstitution of myoglobin with heme, a suitable 
apomyoglobin mutant was designed. The semisynthetic metalloenzymes were applied 
in the asymmetric sulfoxidation of thioanisole 69 in the presence of H2O2, exhibiting 
low reactivity (10–3 turnover min–1) and enantioselectivity (13 % ee). Subsequent 
studies included the use of heme oxygenase as host protein and demonstrated the 
importance of hydrogen bonds, hydrophobic interactions and removal of steric 
hindrance between metal complexes and amino acids residues on the stability of 
artificial metalloproteins.[87] 

A recent example of non-covalent intercalation of transition metal catalysts within a 
protein was presented by Reetz and Jiao.[88] The commercially available water-soluble 
phthalocyanine-copper complex 97 was chosen as the achiral catalyst and various 
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serum albumins as the protein hosts (Scheme 18). The hybrid catalysts were applied in 
the Cu(II)-catalyzed Diels-Alder reaction of azachalcone 98 with cyclopentadiene in an 
aqueous medium, leading to product 99 with high enantiopurities (85-98 % ee). 
 
 
 
 
 
 
 
 
 
Scheme 18. Cu(phthalocyanine)-complex 97 and serum albumins as hybrid catalysts in the Diels-
Alder reaction of azachalcone 98 with cyclopentadiene.  

 
In the context of hybrid catalysts for enantioselective Diels-Alder reactions, Roelfes 

and Feringa reported a catalyst system based on the intercalation of Lewis acid 100 in 
salmon testes DNA (Scheme 19).[89] Replacing the intercalator 100 by bipyridine 
ligands 101 or 102, which act both as intercalator and as bidentate ligand, improved the 
performance of the hybrid catalyst.[90] Excellent endo-selectivities and enantio-
selectivities up to 99 % were reported for the cycloaddition between cyclopentadiene 
and dienophile 98. This DNA-based catalytic system has also been applied by Roelfes 
and coworkers in the Diels-Alder reaction of α,β-unsaturated 2-acyl imidazoles (103) 
and cyclopentadiene,[91] in the Cu(II)-catalyzed asymmetric Michael addition of 
imidazole 103 with several nucleophiles,[92] and in enantioselective Friedel-Crafts 
reactions.[93] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 19. a) Bidentate intercalators. b) DNA-intercalator system. c) Diels-Alder reactions. 
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In recent years, Reetz and coworkers demonstrated the possibility of optimizing the 
selectivity of several enzymes by directed evolution methods.[94] This method comprises 
repeating cycles of random gene mutagenesis coupled with efficient screening 
procedures for the purpose of improving the catalytic profile of enzymes. Having 
identified a mutant enzyme which displays an increased selectivity over the previous 
generation, the corresponding gene is subjected to another cycle of random 
mutagenesis. Rather than targeting the whole protein for amino acid substitution by 
error-prone polymerase chain reaction, Reetz applied the so-called Combinatorial 
Active-site Saturation Test (CAST),[95] in which appropriate amino acid sites next to the 
binding pocket are randomized by saturation mutagenesis, specifically in an iterative 
manner.[96]  

By extension of the concept of directed evolution of enzymes, Reetz proposed the 
directed evolution of enantioselective hybrid catalysts in 2002,[97] and implemented 
experimentally for the first time in a proof-of-concept study in 2006 (Scheme 20).[98] 
The study was based on the use of the Whitesides system comprising a biotinylated Rh-
diphosphine complex and streptavidin as the protein host. In three cycles of iterative 
mutagenesis at selected sites in the hybrid catalyst, the enantiomeric excess of Rh-
catalyzed hydrogenation products increased stepwise from 23 % to 65 %. On the 
downside, the system suffered from the absence of efficient expression systems of the 
host streptavidin to deliver enough protein to perform extensive directed evolution. To 
overcome this problem, Reetz and coworkers recently developed a robust protein host 
for anchoring chelating ligands that could be expressed in large amounts in E.coli.[99] 

 
 
 
 
 
 
 
 
 
Scheme 20. Concept of directed evolution of hybrid catalysts. 
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developed that search for new active sites in a library of protein scaffolds and design the 
residues surrounding these potential active sites to further stabilize the transition state. 

In 2001, Bolon and Mayo used the ORBIT (Optimization of Rotamers By Iterative 
Techniques) protein design software,[101] which identifies catalytic sites within a protein 
structure as well as mutations necessary to accommodate substrate binding, to create a 
histidine-bearing catalyst for the hydrolysis of p-nitrophenyl acetate into p-nitro-
phenol.[102] The DEZYMER computational method developed by the Hellinga group,[103] 
was used in the redesign of ligand-binding sites, converting sugar-binding proteins into 
high-affinity, specific receptors for trinitrotoluene or lactate.[104] The same 
methodology was applied to convert ribose- and glucose-binding proteins into 
receptors for an organophosphate.[105] In 2004, Hellinga and coworkers claimed to have 
created a highly active enzyme by grafting the triose phosphate isomerase (TIM) active 
site on to a ribose-binding protein scaffold. In 2007, control experiments had found 
TIM activity in the wild-type ribose-binding protein which gave rise to much 
debate,[106] resulting in the retraction of two papers.[107] Recently, Baker and coworkers 
developed the ROSETTAMATCH computational enzyme design method,[108] and 
successfully used this methodology to design novel enzyme catalysts for a retro-aldol 
reaction in which a carbon-carbon bond is broken in a unnatural substrate[109] and to 
create new enzyme catalysts for the Kemp elimination; a reaction for which no 
naturally occurring enzyme exists.[110] 

 
 
Thesis Outline 
 
The combination of the concepts of biology for selective recognition with those of 
transition metal catalysis, allows the development of novel, selective catalysts for 
important asymmetric catalytic reactions unknown by nature. This thesis describes two 
main strategies towards the development of new bioinspired transition metal catalysts, 
which are schematically depicted in Figure 13. The first strategy comprises the 
combination of phosphine ligands and amino acid-fragments (Chapter 2, 3 and 4) in 
order to create a chiral second coordination sphere around the metal center. In the 
majority of known peptide-based phosphine ligands, the peptide backbone is used to 
enforce a specific orientation of the diarylphosphino groups. A unique feature of the 
ligand systems described in this thesis is that the amino acid fragments are located at 
the substrate side of the transition metal complex. Secondly, the insertion of achiral 
transition metal catalysts into the active site of a host protein is explored (Chapter 5). 
In this strategy, the natural activity or function of the protein is not important. It 
merely serves as a source of chirality. 

In Chapter 2, new systems using transition metals that contain ligands based on 
rigid strongly coordinating phosphines modified with relatively small peptide 
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fragments are applied in asymmetric hydroformylation and hydrogenation reactions. 
The catalytic activity of these artificial metalloenzymes will stem mainly from the 
transition metal part, while the selectivity of the catalytic transformation is believed to 
be induced by secondary interactions between the amino acids chain and the 
functionalized substrates. 

Chapter 3 describes the synthesis of well-defined cyclic double-chained 
diphosphines modified with amino acid residues. Double-chained cyclic diphosphines 
in which the two phosphorus lone pairs are cis orientated are useful chelates.[111] The 
third phosphorus substituent is forced to reside near the metal center and generates 
more steric bulk around the transition metal. The introduction of amino acids to these 
substituents results in the formation of an apolar cavity reminiscent of an enzyme 
pocket. The chiral amino acids completely embrace the active site which is an 
important aspect in transition metal-catalyzed allylic alkylation reactions.[112] 

 
 
 
 
 
 
 
 
 
Figure 13. Approaches for secondary interactions in transition metal catalysis as described in             
a) Chapter 2, b) Chapter 3, c) Chapter 4 and d) Chapter 5. (S = substrate, R* = chiral auxiliary, M = 
transition metal). 
 

Inspired by the work of Hayashi and coworkers,[22] Chapter 4 describes the 
synthesis of new chiral ligands for palladium-catalyzed asymmetric allylic alkylation. 
Four bidentate phosphorus ligands with a nitrogen-containing backbone, are modified 
at the nitrogen atom with amino acid-fragments at an appropriate distance from the 
phosphino groups. The corresponding palladium complexes are examined for 
enantioselectivity in the reaction of the sodium enolate of 2-acetylcyclohexanone with 
cinnamyl acetate. 

The successful site-selective covalent anchoring of phosphine ligands in a protein is 
presented in Chapter 5. Photoactive Yellow Protein (PYP) was used as chiral scaffold 
and several monodentate and bidentate phosphines as donor ligands. Phosphine 
ligands bearing a carboxylic acid group and their corresponding transition metal 
complexes were coupled to Cys69 of PYP-mutant R52G. The successful coupling was 
shown by 31P NMR spectroscopy and ESI mass spectroscopy. The new hybrid catalysts 
were tested in hydrogenation, hydroformylation and allylic substitution reactions. 
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Abstract 
 
A series of chiral amino acid-functionalized diphosphine ligands has been synthesized. 
The meta or para position of the diphenylphosphino groups of Xantphos and DPEphos 
were functionalized with relatively small peptide fragments in order to create sterically 
demanding ligand systems that allow non-covalent secondary interactions between 
functionalized substrates and the ligand. NMR studies showed that the new xanthene-
based ligands display metal coordination behaviour typical of Xantphos-type ligands 
and no direct influence of the amino acid residues was observed on complex formation. 
The ligands were tested in the rhodium-catalyzed asymmetric hydroformylation of 
vinyl acetate. The peptide fragments influenced the stereo- and enantioselective 
outcome of the reaction. In terms of enantioselectivity, the rigid xanthene-based 
ligands gave better results than the ligand with the flexible diphenyl ether backbone. In 
addition, the use of dipeptide-containing Xantphos derivatives had a more pronounced 
effect on the enantioselectivity than its shorter monopeptide-functionalized analogues, 
and enantiomeric excesses up to 13 % were achieved. Almost no enantioselective 
induction was observed in the hydroformylation of the substrate styrene, which 
contains no heteroatoms. In the Rh-catalyzed hydrogenation of dimethyl itaconate 
enantioselectivities up to 7 % were obtained with the dipeptide-functionalized ligands.  
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Introduction 
 
During the last decades a large number of optically active diphosphine ligands has been 
synthesized which have shown excellent properties in many catalytic reactions. Most of 
these chiral ligands, such as BINAP and DIOP (Figure 1), are bis(diphenylphosphino)-
derivatives. In these ligands the chiral information is transferred to the catalytically 
active metal center via the arrangement of the phenyl rings of the diphenylphosphino 
groups. An alternative approach to design enantioselective transition metal catalysts is 
by making use of non-covalent secondary interactions between the ligand and the 
substrate, thereby aiming at enzyme-like behavior.[1] Secondary interactions comprise a 
variety of ligand-substrate interactions such as hydrogen bonding, electrostatic 
interactions, van der Waals forces, π-stacking and Lewis acid-base interactions, and 
these interactions are responsible for the high selectivity in enzymatic reactions. The 
use of amino acids (or peptides) as chiral supports in homogeneous catalytic systems 
offers a unique opportunity to develop such bioinspired transition metal catalysts.[2] 
Peptides are easily prepared, consist of readily available chiral building blocks and can 
interact with functionalized substrates. Furthermore, catalyst optimization can be 
achieved both by adjusting the structure of the phosphine ligand part and by modifying 
the oligopeptide sequence, thereby introducing changes in the tertiary structure and 
interaction with the substrate.  

Notable are the pioneering works of Gilbertson[3] and Hoveyda[4] which constitute 
important examples of secondary peptide structural elements as a chiral 
microenvironment for transition metal catalysis. In the majority of the known peptide-
based phosphine ligands, the peptide backbone is merely used to enforce a specific 
orientation of the diarylphosphino groups and not for seconday interactions between 
substrate and ligand. For example, Gilbertson showed that the selectivity of his β-turn 
ligands is due to the preformed β-turn secondary structure and not to the chirality of 
the individual amino acids.[5] 

 
 
 
 
 
 
 
Figure 1. Structure of well known chelating (chiral) diphosphine ligands. 
 

In this Chapter we present the synthesis of facile ligand systems based on rigid, 
strongly coordinating diphosphines modified with relatively small peptide fragments, 
in which the amino acid-fragments are located at the substrate side of the transition 
metal complex in order to create a chiral second coordination sphere around the metal 
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center, reminiscent of enzymes. The new ligand systems will be evaluated in several 
transition metal catalyzed reactions and the influence of the peptide fragments on the 
regio- and enantioselective outcome of these reactions will be examined. 

A mild method for the synthesis of amino acid-functionalized phosphine ligands is 
the Schiff-base formation between a phosphino-benzaldehyde derivative and N-amino 
acids.[6] For the use of this method precursors containing carbonyl groups are required 
to connect the chiral functionalities. We decided to functionalize the phenyl rings of 
the well-known ligands Xantphos and DPEphos with formyl groups in meta or para 
position to obtain sterically demanding ligands systems.[7] The rigid xanthene backbone 
in Xantphos generates wide bite angle ligands and it has been shown that these ligands 
bring the substituents close to the metal center.[8] On the other hand, the more flexible 
diphenyl ether backbone in DPEphos can transfer the chiral information of the amino 
acids more easily to the transition metal center. 
 
 
Results and Discussion 
 
The synthetic route to formyl functionalized Xantphos is displayed in Scheme 1. The 
starting material chosen is the commercially available 4,5-dibromo-2,7-di-tert-butyl-
9,9-dimethylxanthene (1). Lithiation of the xanthene backbone and subsequent 
reaction with ClP(OEt)2 gave diphosphonite 2.[9] This compound was made to react 
with the lithiated analogue of 2-(3-bromophenyl)-1,3-dioxolane (3) to yield 
diphosphine 4. Acidic hydrolysis of the four acetal groups of compound 4 gave 
tetrabenzaldehyde 5 as a white, air-stable powder in 50 % overall yield starting from 
xanthene 1.[10] The formyl groups formed could be clearly identified by their NMR 
resonances (1H NMR: δ = 9.84 ppm, 13C {1H} NMR: δ = 192.2 ppm), and their infrared 
absorptions at 2721 and 1700 cm–1. Tetrabenzaldehyde 8, with the formyl groups on the 
para-position of the phenyl rings, was synthesized in a similar fashion. 
 
 
 
 
 
 
 
 
 
 
Scheme 1. Reagents and conditions: i. a) n-BuLi, THF, –78 °C, b) ClP(OEt)2, –78 °C, 80 %; ii. n-BuLi, 3 
or 6, THF, –78 °C, 4: 66 %, 7: 44 %; iii. p-TSOH∙H2O, THF, reflux, 5: 94 %, 8: 96 %.  
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Formyl functionalized DPEphos was synthesized starting from commercially 
available 4,4’-dimethyldiphenyl ether 9 (Scheme 2). Ortho-lithiation of tolylether 9 and 
subsequent reaction with ClP(NEt2)2 gave diethylamino phosphane 10, which upon 
treatment with HCl-gas afforded 11.[11] Similar to the synthesis of the xanthene-based 
ligands, compound 11 was reacted with the lithiated analogue of arylbromide 3, 
followed by acidic hydrolysis of the acetal groups to give tetrabenzaldehyde 13. 

 
 
 
 
 
 
 
 
Scheme 2. Reagents and conditions: i. a) n-BuLi, TMEDA, hexanes, –30 °C, b) ClP(NEt2)2, –78 °C,     
61 %; ii. HCl (g), hexanes, 0 °C, 80 %; iii. n-BuLi, 3, THF, –78 °C, 48 %; iv. p-TSOH∙H2O, THF, reflux, 
95 %. 

 
The condensation of tetraaldehyde 5 with commercially available optically active L-

valine methyl ester yielded Schiff-base 14. The reaction was carried out under reflux 
conditions in dry methylene chloride using molecular sieves as dehydration agent. 
Starting from tetraaldehydes 5, 8 and 13, eight amino acid-containing ligands were 
obtained by Schiff-base condensation (Scheme 3). In the IR spectra the strong carbonyl 
peaks at 1700 cm–1 of the aldehyde precursors disappeared and the characteristic C=N 
peak of the imine ligands was found at 1640-1643 cm–1. 

The 31P {1H} NMR spectra showed sharp singlets for all imine ligands. In the 1H 
NMR spectra of the chiral ligands, all the signals deriving from the phenyl and amino 
acid protons appeared doubled in contrast to the backbone protons (Figure 2). The 
integration of the doubled signals showed in all cases a 1:1 ratio. The splitting of these 
proton signals could arise from a diastereotopy – the stereochemical non-equivalence 
of atoms or groups within a single molecule – of the two phenyl substituents bound to 
the same phosphorus atom induced by the chiral imine substituents. This behavior was 
also observed by Brunner and coworkers with their optically active expanded ligand 
system.[12] It is well known that carbon atoms with four different substituents are chiral, 
and that the enantiomeric forms can be interconverted by reflection in any mirror 
plane. However, if two of the substituents are themselves chiral moieties, two isomeric 
forms result which are meso and cannot be interconverted by reflection in a mirror 
plane. Such a pair of stereoisomers have been termed a pseudoasymmetric or 
pseudochiral pair.[13] This phenomenom also holds for phosphorus atoms; 
pseudochirality of the phosphorus atom has been observed in compounds in which the 
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phosphorus carries two identical chiral substituents.[14] The P-atoms in compound 14 
are pseudochiral, and the two aryl substituents are therefore diastereotopic.[15] In the 1H 
NMR spectrum of achiral ligand 16 these doubled signals are absent which is in 
agreement with this explanation (Figure 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3. Ligands 14 – 21.  
 

In order to investigate the possible influence of the amino acid fragments on the 
coordination behaviour of these ligands, [(17)PtCl2], [(14)Rh(H)(CO)(PPh3)] and 
[(15)PdCl2] complexes were synthesized. When [(MeCN)2PtCl2] was mixed with one 
equivalent of diphosphine 17 in acetonitrile, the resulting 31P {1H} NMR spectrum 
displayed one sharp signal at δ = 4.40 ppm with a 1J(Pt,P) coupling constant of 3677 Hz. 
The large coupling constant is typical of a square planar Pt-complex with cis 
coordinated diphosphine ligands. The previously reported complex [(Xantphos)PtCl2] 
showed one signal at δ = 6.6 ppm with 1J(Pt,P) = 3695 Hz in 31P NMR spectroscopy.[16] 

As reported for Xantphos type ligands,[17] the 1H NMR spectrum of 
[(14)Rh(CO)(H)(PPh3)] shows an inequivalence of the two methyl groups of the 
backbone. This inequivalence finds its origin in the absence of a mirror plane since the 
complex has C1 symmetry. In combination with the above mentioned diastereotopy 
induced by the chiral imine substituents, coordination of diphosphine 14 to 
[Rh(CO)(H)(PPh3)3] results in an inequivalence of all four phenyl rings. As a 
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consequence, the 1H NMR and 13C {1H} NMR spectra are complex. Figure 3 shows 
parts of the 1H NMR spectrum of [(14)Rh(CO)(H)(PPh3)] in which, for example, the 
four inequivalent methylester-signals are clearly visible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Parts of the 1H NMR (500 MHz, CD2Cl2) spectra of ligand 14 (top) and ligand 16 (bottom), 
(♦: xanthene backbone protons). 

 
The reaction of ligand 15 with [Pd(cod)Cl2] (cod = 1,5-cyclooctadiene) in 

methylene chloride at room temperature gave [(15)PdCl2]. A 31P {1H} NMR spectrum 
of this complex showed one sharp signal at δ = 23.5 ppm, whereas [(Xantphos)PdCl2] 
gave a signal at δ = 22.7 ppm.[16] Summarizing, the ligands display typical coordination 
behaviour for xanthene-based ligands and no direct influence of the amino acid 
residues on the metal center was observed.  

We explored the behaviour of the new ligands in various catalytic reactions. 
Recently, Šmejkal and Breit reported the use acylguanidine-functionalized phosphines 
as ligands in the rhodium-catalyzed hydroformylation of unsaturated carboxylic acids. 
Unusual regioselectivities were observed which was ascribed to secondary interactions 
between the guanidinium group of the ligands and the carboxylate of the substrates.[18] 
Inspired by these results, the amino acid-functionalized bidentate ligands were first 
studied in the rhodium-catalyzed hydroformylation of vinyl acetate (A) under 10 bar of 
syngas (CO/H2 = 1:1) at various temperatures (Table 1). The major product was in all 
cases branched aldehyde B (2-acetoxypropanal). Minor amounts of 3-acetoxypropanal 
(C) were also produced, but this partly decomposed under the conditions of the 
reaction to give acetic acid and acrolein which was hydrogenated to give propanal.[19] 
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Figure 3. Parts of the 1H NMR (300 MHz, C6D6) spectrum of [(14)Rh(CO)(H)(PPh3)] with insert      
a) showing the four methyl ester-signals and insert b) the hydride signal. 

 
Hydroformylation of vinyl acetate is selective for the branched product with most 

phosphine-based rhodium catalysts giving branched to linear ratios between 4 and 
20:1.[20] Vinyl acetate possesses a donor group three bonds from the ethylene group and 
is thought to chelate to the rhodium catalyst. It is proposed that insertion of the alkene 
into Rh-hydride at the branched carbon atom is stabilized by a five-membered ring 
(compared to the less stable six-membered ring that would be formed on insertion at 
the unsubstituted end of the double bond). Matsumato and Tamira have observed the 
latter complex by low-temperature 1H NMR spectroscopy.[21] 

Whereas the rhodium complexes based on meta-substituted xanthene ligands 14-19 
generated lower branched to linear ratios compared to Xantphos, para-substituted 
ligand 20 gave a branched to linear ratio of 5.6 (Entry 8). The amino acid fragments on 
the meta position might impose too large steric bulk for the branched aldehyde to be 
formed. The high regioselectivity observed with ligand 20 was more pronounced at 
lower temperatures. Performing the reaction at 40 °C with ligand 20, a branched to 
linear ratio of 12 was obtained (Entry 13). In the catalytic cycle for a branced selective 
hydroformylation reaction, the branched Rh-alkyl species forms faster than the linear 
isomer. The formation of the branched rhodium-alkyl species is reversible through β-
hydrogen elimination, whereas the formation of linear rhodium-alkyl species is 
considered irreversible and can only form linear aldehyde. The β-hydrogen elimination 
decreases upon lowering the temperature, forming less alkene starting material and 
more branched aldehyde and thus higher branched to linear ratios are obtained. 

The activities of the amino acid-functionalized catalysts with the xanthene 
backbone were comparable with those from Xantphos. Rhodium complexes based on 
chiral ligands 14 and 15 influenced the enantiomeric outcome of the reaction to a small 
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extent and ee’s up to 3 % were obtained (Entries 1 and 2). Interestingly, when the 
dipeptide-containing chiral ligands 17 and 18 were employed, the enantiomeric excess 
increased slightly to 8 and 7 % respectively (Entries 5 and 6). An increase in 
enantioselectivity was observed on lowering the reaction temperature. The 
enantiomeric excess of the branched aldehyde increased to 13 % using ligand 17 upon 
decreasing the reaction temperature to 40 °C (Entry 12).  
 
Table 1. Asymmetric hydroformylation of vinyl acetate.[a] 

 
 
 
 

entry ligand T (°C) t (h) conv. (%) [b] b/l [c] ee (%) [d] 
1 Xantphos 60 20 94 3.3 - 
2 14 60 20 92 3.1 3 (S) 
3 15 60 20 98 2.4 3 (S) 
4 16 60 20 90 2.1 - 
5 17 60 20 91 1.6 8 (S) 
6 18 60 20 97 2.3 7 (S) 
7 19 60 20 88 1.6 - 
8 20 60 20 92 5.6 <1 (S) 
9 21 60 20 87 1.9 2 (S) 

10 Xantphos 40 44 55 3.5 - 
11 14 40 44 60 4.1 3 (S) 
12 17 40 44 63 3.0 13 (S) 
13 20 40 44 54 12 <1 (S) 

[a] Conditions: [Rh(acac)(CO)2], [Rh] = 1.0 mM, ligand/Rh = 4, substrate/Rh = 250, p = 10 bar CO/H2 
(1:1), 2.0 mL toluene. [b] Percentage conversion of vinyl acetate, determined by GC. [c] Branched to 
linear aldehyde ratio, determined by GC from the ratio of branched product B to linear product C 
plus acetic acid. [d] Enantiomeric excess of branched aldehyde, determined by chiral GC (absolute 
configuration drawn in parenthesis).  

 
The lower enantioselectivity displayed by para-substituted ligand 20 demonstrates 

the importance of the positioning of the amino acid-fragments on the enantiomeric 
outcome of the hydroformylation reaction. In addition, the lower enantiomeric excess 
obtained with ligand 21, with the more flexible diphenyl ether backbone, compared to 
its xanthene-based analogue 17 suggests that a well-defined ligand system with a 
certain rigidity is required for effective substrate-ligand interactions.  
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In the previous hydroformylation reactions (Table 1) we demonstrated that the 
chiral iminophosphine ligands influenced the enantiomeric outcome of the reaction. In 
particular the use of dipeptide-containing ligands 17 and 18 had a beneficial effect on 
the enantioselectivity in the hydroformylation of vinyl acetate. A second substrate that 
displays branched regioselectivity in hydroformylation is styrene (D).  

 
Table 2. Asymmetric hydroformylation of styrene.[a] 

 
 
 
 

entry ligand t (h) conv. (%) [b] b/l [c] ee (%) [d] 
1 Xantphos 20 83 2.2 - 
2 15 20 85 2.3 2 
3 17 20 88 2.1 1 
4 18 20 86 2.6 3 
5 20 20 99 6.1 <1 

[a] Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1.0 mM, ligand/Rh = 4, substrate/Rh = 1000, p = 20 
bar CO/H2 (1:1); T = 60 ° C, 2 mL toluene. [b] Percentage conversion of styrene, determined by GC. 
[c] Ratio branched (E) to linear (F) aldehyde, determined by GC. [d] Enantiomeric excess of branched 
aldehyde, determined by chiral GC. 

 
It has been suggested that the origin of the regioselectivity is the formation of an η3-

benzyl complex that stabilizes the branched rhodium-alkyl intermediate.[22] We were 
interested if the new amino acid-functionalized ligands could induce enantioselectivity 
in the hydroformylation of styrene. Since styrene is lacking donor groups, less 
interaction between the ligand and the substrate is expected. Hydroformylation of 
styrene was carried out in toluene at a pressure of 20 bar of syngas (CO/H2 = 1) and the 
results are summerized in Table 2. The branched aldehyde 2-phenylpropanal (E) was in 
all cases the predominant product. The para-substituted ligand 20 gave a higher 
branched to linear ratio compared to its meta-substituted analogue 17, as was also 
observed in the hydroformylation of vinyl acetate. With the new chiral ligands very low 
enantiomeric excesses, if any, were obtained in the hydroformylation of styrene. This 
can be attributed to the fact that the secondary interactions between the non-
functionalized substrate and the amino acid-containing ligands are too weak. 

Next, the amino acid-functionalized ligands were studied in the rhodium-catalyzed 
asymmetric hydrogenation of dimethyl itaconate (G) and methyl α-acetamidoacrylate 
(H). The reactions were carried out in a stainless steel autoclave at a hydrogen pressure 
of 5 bar, using [Rh(cod)2]BF4 as pre-catalyst. The results are summarized in Table 3. 
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Table 3. Results of asymmetric hydrogenation 
 
 
 
 

entry ligand substrate solvent conv. (%) [b] ee (%) [c] 
1 15 G CH2Cl2 > 99 3.4 (R) 
2 18 G CH2Cl2 > 99 7.3 (R) 
3 18 G MeOH > 99  3.6 (R) 
4 20 G CH2Cl2 > 99 4.3 (R) 
5 20 G MeOH > 99 2.3 (R) 
6 21 G CH2Cl2 > 99 2.7 (R) 
7 15 H CH2Cl2 6 n.d. 
8 18 H CH2Cl2 5 n.d. 

[a] Reaction conditions: [Rh(cod)2]BF4, [Rh] = 1.0 mM, ligand/Rh = 1.1, substrate/Rh = 100, p(H2) = 5 
bar, T = 25 °C, t = 16 h, 0.5 mL solvent. [b] Percentage conversion of substrate, determined by GC.  
[c] Enantiomeric excess of product, determined by chiral GC (absolute configuration drawn in 
parenthesis). n.d. = not determined 

 
The catalytic systems obtained with the tested diphosphines 15, 18, 20 and 21 were 

active in the hydrogenation of dimethyl itaconate (G) providing dimethyl-
methylsuccinate with complete conversion (Entries 1-6). Although the 
enantioselectivity was low in all cases, it is noteworhty that the enantiomeric excess of 
the hydrogenated product was twice as high when dipeptide-containing ligand 18 was 
employed compared to its smaller analogue 15 (Entries 1 and 2). Performing the 
reaction in methanol, a common solvent for the rhodium-catalyzed asymmetric 
hydrogenation reaction, resulted in lower enantioselectivites. 

Interestingly, in the hydrogenation of methyl α-acetamidoacrylate (H), the alanine 
derivative was obtained in very low yield, even after prolonged reaction times (Entries 7 
and 8). Presumably due to substrate-inhibition only low conversions are observed in 
the hydrogenation of H. The hydrogenation results show again that the presence of 
amino acid-fragments located at the substrate side of the transition metal complex has 
an influence on the activity and selectivity in the catalytic reaction. 
 
 
Conclusions 
 
In conclusion, we synthesized ligands based on rigid strongly coordinating phosphines 
modified with relatively small peptide fragments. The meta or para position of the 
diphenylphosphino groups of Xantphos and DPEphos were functionalized with amino 
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acid-fragments in order to create sterically demanding ligand systems that allow non-
covalent secondary interactions between functionalized substrates and the ligand. NMR 
studies showed the new xanthene-based ligands display typical metal coordination 
behaviour for Xantphos-type ligands and no direct influence of the amino acid residues 
was observed, apart from diastereotopic effects in the NMR spectra of the chiral ligands 
as a result of the pseudochirality of the phosphorus atoms. 

The ligands were tested in the asymmetric hydroformylation of vinyl acetate 
resulting in low enantioselectivities. Nevertheless, in terms of enantioselectivity, the 
rigid xanthene-based ligands gave higher ee’s than the ligand with the flexible diphenyl 
ether backbone. In addition, the dipeptide-containing Xantphos derivatives generated 
higher enantiomeric excesses than the shorter monopeptide-functionalized analogues. 
In the hydroformylation of styrene low enantioselectivities were obtained presumably 
due to insufficient substrate-ligand secondary interactions. The new chiral ligands were 
active in the hydrogenation of dimethyl itaconate and enantiomeric excesses up to 7 % 
were obtained. In the hydrogenation of methyl α-acetamidoacrylate only low 
conversions were reached even after prolonged reaction times. Thus, the results 
reported in this Chapter illustrate that it is possible to influence the enantiomeric 
outcome of asymmetric catalytic reactions by making use of non-covalent secondary 
interactions between amino acid-functionalized ligands and prochiral substrates, 
although the ee values obtained so far are disappointing. In order to fully exploit these 
interactions, other better defined ligand systems need to be developed. 
 
 
Experimental Section 
 
General remarks. Unless stated otherwise, reactions were carried out under an atmosphere of argon 
using standard Schlenk techniques. THF, diethyl ether and hexanes were distilled from 
sodium/benzophenone. Tertiary amines, CH2Cl2 and methanol were distilled from CaH2 and toluene 
was distilled from sodium. Deuterated solvents were distilled from the appropriate drying agents. 
Unless stated otherwise, all chemicals were obtained from commercial suppliers and used as received. 
Bis(diethylamino)chlorophosphine[23] was synthesized according to a reported procedure. Optical 
rotations were measured on a Perkin-Elmer 241 polarimeter. NMR spectra were recorded on a Varian 
Mercury 300, a Varian Inova 500 or a Bruker Avance DRX-300 spectrometer. Chemical shifts are 
reported in ppm and are given relative to tetramethylsilane (1H, 13C) and 85% H3PO4 (31P). Standard 
infrared spectra were recorded on a Nicolet Nexus 670 FT-IR spectrophotometer. High Resolution 
Mass Spectra were recorded at the Department of Mass Spectrometry at the University of Amsterdam 
using Fast Atom Bombardment (FAB) ionization on a JOEL JMS SX/SX102A four-sector mass 
spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Elemental analyses were 
carried out by H. Kolbe Mikroanalytisches Laboratorium, Mülheim an der Ruhr (Germany).  
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2,7-Di-tert-butyl-4,5-bis(diethoxyphosphino)-9,9-dimethyl-xanthene (2): This compound was 
prepared according to a literature procedure.[9] To a solution of 2,7-di-tert-butyl-4,5-dibromo-9,9-
dimethylxanthene (5.00 g, 10.4 mmol) in THF (80 mL) was added n-BuLi (8.3 mL, 2.5 M in hexanes, 
20.8 mmol) at –78 °C. The mixture was stirred for 2 h at this temperature. Then, a solution of diethyl 
chlorophosphite (3.25 g, 20.8 mmol) in THF (20 mL) was added dropwise. The mixture was allowed 
to stir at room temperature for 16 h. The solvent was removed under reduced pressure. The residue 
was taken up in methylene chloride (100 mL) and washed with water (50 mL). The organic phase was 
dried over MgSO4 and concentrated under reduced pressure to give 2 in 80 % yield (4.67 g) as a pale 
yellow oil. 1H NMR (300 MHz, CDCl3): δ = 7.60 (s, 2H, H-arom), 7.42 (s, 2H, H-arom), 4.04-3.87 (m, 
8H, OCH2), 1.62 (s, 6H, CH3), 1.33 (s, 18H, C(CH3)3), 1.28 (t, J = 7.0 Hz, 12H, OCH2CH3); 31P {1H} 
NMR (121 MHz, CDCl3): δ = 153.20. 
 
2-(3-Bromophenyl)-1,3-dioxolane (3): To a solution of 4-bromobenzaldehyde (79.0 g, 427 mmol) in 
toluene (600 mL) was added p-toluenesulfonic acid monohydrate (0.30 g, 1.7 mmol) and ethylene 
glycol (39.8 g, 640 mmol). The reaction mixture was refluxed in a Dean-Stark apparatus for 24 h. 
After cooling to room temperature, the reaction mixture was washed with saturated aqueous NaHCO3 
(200 mL) and brine (200 mL). The organic phase was dried over MgSO4, filtered and concentrated in 
vacuo. The residual oil was purified by distillation (110 °C, 0.2 mbar) to give 3 (84.5 g, 86 %) as a 
colourless oil which became solid on cooling to room temperature. 1H NMR (300 MHz, CDCl3): δ = 
7.65 (s, 1H, H-arom), 7.47 (d, J = 7.2 Hz, 1H, H-arom), 7.38 (d, J = 7.8 Hz, 1H, H-arom), 7.20 (t, J = 
7.7 Hz, 1H, H-arom), 5.73 (s, 1H, OCHO), 4.02-3.93 (m, 4H, H-dioxolan); 13C NMR (75 MHz, 
CDCl3): δ = 140.7 (C), 132.4 (CH), 130.3 (CH), 129.8 (CH), 125.6 (CH), 122.7 (CBr), 102.9 (CH), 65.5 
(CH2).[24] 
 
2,7-Di-tert-butyl-4,5-bis[di(3-(1,3-dioxolan)phenyl)phosphino]-9,9-dimethylxanthene (4): n-BuLi 
(12.4 mL, 2.5 M in hexanes, 31.0 mmol) was added dropwise to a solution of 2-(3-bromophenyl)-1,3-
dioxolane 3 (7.10 g, 31.0 mmol) in THF (100 mL) at –78 °C. The mixture was stirred at this 
temperature for 30 min, after which a solution of phosphonite 2 (3.50 g, 6.20 mmol) in THF (20 mL) 
was added. The mixture was allowed to warm to room temperature gradually. After stirring for 16 h, 
the reaction mixture was concentrated in vacuo. The resulting oil was taken up in methylene chloride 
(100 mL) and washed with water (100 mL), and then the organic layer was dried over MgSO4, filtered 
and concentrated under reduced pressure. Crystallization from methylene chloride/methanol gave 4 
(4.02 g, 66 %) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 7.36 (m, 10H, H-arom, H-1, H-8), 
7.21 (t, J = 7.5 Hz, 4H, H-arom), 7.13 (m, 4H, H-arom), 6.52 (d, J = 1.8 Hz, 2H, H-3, H-6), 5.73 (s, 4H, 
OCHO), 3.95-3.93 (m, 16H, H-dioxolan), 1.64 (s, 6H, CH3), 1.08 (s, 18H, C(CH3)3); 13C {1H} NMR 
(125 MHz, CDCl3): 150.6 (t, J = 19.4 Hz, CO), 145.6 (C-2, C-7), 137.9 (m, PC, Cq), 134.9 (t, J = 18.2 
Hz, CH), 132.5 (t, J = 24.3 Hz, CH), 129.4 (C-3, C-6), 129.2 (CC-9), 128.4 (CH), 126.6 (CH), 124.6 (t,  
J = 18.2 Hz, C-4, C-5), 123.2 (C-1, C-8), 103.9 (CH), 65.3 (CH2), 35.1 (C-9), 34.7 (C(CH3)3), 32.2 
(CH3), 31.5 (C(CH3)3); 31P {1H} NMR (121 MHz, CDCl3): δ = –15.39; IR (KBr, cm–1): 3056 (w), 2962 
(m), 2883 (w), 1720 (s), 1476 (m), 1426 (s), 1266 (s), 1088 (s), 968 (m), 944 (m), 794 (s), 751 (m), 700 
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(m); HRMS (FAB+): m/z calcd. for C59H65O9P2 (M+H+): 979.4104; found: 979.4111; anal. calcd. for 
C59H64O9P2: C 72.38, H 6.59; found: C 72.47, H 6.67. 
 
2,7-Di-tert-butyl-4,5-bis[di(3-formylphenyl)phosphino]-9,9-dimethyl-xanthene (5): Compound 4 
(3.00 g, 3.06 mmol) was dissolved in a mixture of water and tetrahydrofuran (40 mL, 1:1). After the 
addition of a catalytic amount of p-toluenesulfonic acid monohydrate (0.18 g, 0.94 mmol), the 
reaction mixture was stirred for 4 h at reflux temperature. After cooling to room temperature, the 
mixture was extracted with methylene chloride (40 mL). The organic phase was dried over MgSO4 
and concentrated in vacuo. Crystallization from methylene chloride/methanol gave 5 (2.26 g, 94 %) as 
a white solid. 1H NMR (500 MHz, CDCl3): δ = 9.84 (s, 4H, CHO), 7.75 (t, J = 8.1 Hz, 4H, H-arom), 
7.64 (m, 4H, H-arom), 7.45 (d, J = 2.1 Hz, 2H, H-1, H-8),  7.38 (m, 8H, H-arom), 6.39 (d, J = 2.4 Hz, 
2H, H-3, H-6), 1.70 (s, 6H, CH3), 1.06 (s, 18H, C(CH3)3); 13C {1H} NMR (125 MHz, CDCl3): δ = 192.2 
(CHO), 150.8 (t, J = 19.0 Hz, CO), 146.6 (C-2, C-7), 139.7 (t, J = 18.9 Hz, CH), 138.6 (t, J = 15.5 Hz, 
PC), 136.5 (Cq), 135.6 (t, J = 21.9 Hz, CH), 130.0 (C-3, C-6), 129.9 (CC-9), 129.2 (CH), 128.9 (CH), 
124.1 (C-1, C-8), 122.4 (t, J = 17.1 Hz, C-4, C-5), 35.1 (C-9), 34.8 (C(CH3)3), 31.8 (CH3), 31.5 
(C(CH3)3); 31P {1H} NMR (121 MHz, CDCl3): δ = –14.60; IR (KBr, cm–1): 3056 (w), 2962 (m), 2721 
(w), 1700 (s), 1588 (s), 1476 (m), 1425 (s), 1263 (s), 1202 (s), 1102 (m), 894 (m), 863 (m), 794 (s), 688 
(s), 647 (s); HRMS (FAB+): m/z calcd. for C51H49O5P2 (M+H+): 803.3055; found: 803.3066; anal. calcd. 
for C51H48O5P2: C 76.29, H 6.03; found: C 76.06, H 6.12. 
 
2-(4-Bromophenyl)-1,3-dioxolane (6): Starting from 4-bromobenzaldehyde (99.1 g, 0.535 mol), 
compound 6 was obtained as a colourless liquid using the same procedure as described for compound 
3. Yield: 90 % (110.3 g). 1H NMR (300 MHz, CDCl3): δ = 7.45 (d, J = 8.7 Hz, 2H, H-arom), 7.29 (d, J = 
8.4 Hz, 1H, H-arom), 5.67 (s, 1H, OCHO), 3.97-3.88 (m, 4H, H-dioxolan); 13C NMR (75 MHz, 
CDCl3): δ = 137.4 (C), 131.7 (CH), 128.6 (CH), 123.4 (CBr), 103.1 (CH), 65.5 (CH2).[25] 
 
2,7-Di-tert-butyl-4,5-bis[di(4-(1,3-dioxolan)phenyl)phosphino]-9,9-dimethylxanthene (7): From 
2-(4-bromophenyl)-1,3-dioxolane 6 (8.02 g, 35.0 mmol) and phosphonite 2 (3.94 g, 7.0 mmol), 
compound 7 was obtained as a white solid using the same procedure as described for compound 4. 
Yield 44 % (3.03 g). 1H NMR (500 MHz, CDCl3): δ = 7.36 (d, J = 2.0 Hz, 2H, H-1, H-8), 7.32 (d, J = 8.0 
Hz, 8H, H-arom), 7.20 (m, 8H, H-arom), 6.58 (d, J = 2.0 Hz, 2H, H-3, H-6), 5.80 (s, 4H, OCHO), 
4.11-4.02 (m, 16H, H-dioxolan), 1.65 (s, 6H, CH3), 1.09 (s, 18H, C(CH3)3); 13C {1H} NMR (125 MHz, 
CDCl3): δ = 150.7 (t, J = 19.6 Hz, CO), 145.6 (C-2, C-7), 139.1 (t, J = 13.4 Hz, PC), 138.0 (Cq), 134.2 (t, 
J = 20.8 Hz, CH), 129.5 (C-3, C-6), 129.2 (CC-9), 129.3 (CH), 124.4 (t, J = 18.3 Hz, C-4, C-5), 123.4 
(C-1, C-8), 103.9 (CH), 65.5 (CH2), 35.1 (C-9), 34.8 (C(CH3)3), 32.5 (CH3), 31.6 (C(CH3)3); 31P {1H} 
NMR (121 MHz, CDCl3): δ = –16.94; IR (KBr, cm–1): 3043 (w), 2962 (m), 2882 (w), 1720 (w), 1602 
(w), 1475 (m), 1426 (s), 1265 (s), 1075 (s), 1019 (s), 972 (m), 942 (s), 808 (s); HRMS (FAB+): m/z 
calcd. for C59H65O9P2 (M+H+): 979.4104; found: 979.4111; anal. calcd. for C59H64O9P2: C 72.38, H 6.59; 
found: C 72.30, H 6.60. 
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2,7-Di-tert-butyl-4,5-bis[di(4-(formylphenyl)phosphino]-9,9-dimethyl-xanthene (8): Starting from 
bisphosphine 7 (1.52 g, 1.55 mmol), compound 8 was obtained as a white solid using the same 
procedure as described for compound 5. Yield 96 % (1.20 g). 1H NMR (500 MHz, CDCl3): δ = 9.92 (s, 
4H, CHO), 7.67 (d, J = 8.1 Hz, 8H, H-arom), 7.46 (d, J = 2.1 Hz, 2H, H-1, H-8), 7.27 (m, 8H, H-arom), 
6.44 (d, J = 2.1 Hz, 2H, H-3, H-6), 1.71 (s, 6H, CH3), 1.07 (s, 18H, C(CH3)3); 13C {1H} NMR (125 MHz, 
CDCl3): δ = 192.2 (CHO), 150.6 (t, J = 19.4 Hz, CO), 146.6 (C-2, C-7), 145.1 (t, J = 17.3 Hz, PC), 136.4 
(CH), 134.3 (t, J = 20.6 Hz, CH), 129.7 (C-3, C-6), 129.4 (m, CC-9, CH), 124.5 (C-1, C-8), 121.8 (t, J = 
15.7 Hz, C-4, C-5), 35.2 (C-9), 34.9 (C(CH3)3), 32.3 (CH3), 31.4 (C(CH3)3); 31P {1H} NMR (121 MHz, 
CDCl3): δ = –13.08; IR (KBr, cm–1): 3060 (w), 2961 (m), 2734 (w), 1702 (s), 1593 (m), 1562 (m), 1476 
(m), 1426 (s), 1264 (s), 1248 (s), 1206 (s), 837 (m), 816 (m), 692 (s); HRMS (FAB+): m/z calcd. for 
C51H49O5P2 (M+H+): 803.3055; found: 803.3048; anal. calcd. for C51H48O5P2: C 76.29, H 6.03; found: C 
76.20, H 6.08. 
 
2,2’-Bis[bis(diethylamino)phosphino]-4,4’-dimethyl-diphenylether (10): This compound was 
prepared according to a literature procedure.[11] To a solution of di-p-tolylether (5.0 g, 25.2 mmol) and 
TMEDA (8.4 mL, 55.5 mmol) in hexanes (20 mL) was added n-butyllithium (2.5 M in hexanes, 22.2 
mL, 55.5 mmol) at –30 °C. The reaction mixture was allowed to stir at room temperature for 16 h. The 
dilithio-diphenylether was collected by filtration, washed with hexanes and dried in vacuo. The 
dilithiated p-tolylether was dissolved in diethyl ether (40 mL) and added to a solution of 
bis(diethylamino)chlorophosphine (11.1 mL, 53.0 mmol) in hexanes (40 mL) at –78 °C. The reaction 
mixture was allowed to warm to room temperature overnight with stirring. The reaction mixture was 
filtered and the solvents were evaporated. The residue was purified by flash column chromatography 
over basic alumina (5 % ethyl acetate in light petroleum) to give 10 in 61 % yield (8.4 g) as a colourless 
oil. 1H NMR (300 MHz, C6D6): δ = 7.51 (m, 2H, H-arom), 6.90 (m, 4H, H-arom), 3.22-2.96 (m, 16H, 
CH2CH3), 2.23 (s, 6H, CH3), 1.10 (t, J = 7.0 Hz, 24H, CH2CH3); 31P {1H} NMR (121 MHz, C6D6): δ = 
93.40.  
 
2,2’-Bis[dichlorophosphino]-4,4’-dimethyl-diphenylether (11): This compound was prepared 
according to a literature procedure.[11] Compound 10 (4.24 g, 7.75 mmol) was dissolved in hexanes 
(500 mL) and cooled to 0 oC. HCl-gas was bubbled through the stirred reaction mixture for 1.5 h. The 
salts were filtered off and washed with diethyl ether (100 mL). Evaporation of the solvents resulted in 
a white solid residue. Recrystallization from hexanes (30 mL) at –20 oC yielded 11 as a white powder 
(80 %, 4.94 g). 1H NMR (300 MHz, C6D6): δ = 7.74 (d, J = 1.5 Hz, 2H, H-arom), 6.75 (dd, J = 8.1 Hz, J 
= 2.1 Hz, 2H, H-arom), 6.44 (dt, J = 8.4 Hz, J = 2.9 Hz, 2H, H-arom), 1.94 (s, 6H, CH3); 31P {1H} NMR 
(121 MHz, C6D6): δ = 158.99. 
 
2,2’-Bis[di(3-(1,3-dioxolan)phenyl)phosphino]-4,4’-dimethyl-diphenylether (12): n-BuLi (12.8 mL, 
2.5 M in hexanes, 32.0 mmol) was added dropwise to a solution of 2-(4-bromophenyl)-1,3-dioxolane 
3 (7.33 g, 32.0 mmol) in THF (80 mL) at –78 °C. The mixture was stirred at this temperature for 1 h, 
after which a solution of 11 (2.48 g, 6.2 mmol) in THF (20 mL) was added. The mixture was allowed 
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to warm to room temperature. After stirring for 16 h, the reaction mixture was concentrated in vacuo. 
The resulting oil was taken up in toluene (100 mL) and washed with water (100 mL), and then the 
organic layer was dried over MgSO4, filtered and concentrated under reduced pressure. The residue 
was purified by silica gel column chromatography (70 % EtOAc in light petroleum) to afford 12 in 48 
% yield (2.55 g) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 7.39 (m, 8H, H-arom), 7.26 (t, J = 
7.5 Hz, 4H, H-arom), 7.17 (t, J = 6.5 Hz, 4H, H-arom), 6.96 (d, J = 8.0 Hz, 2H, H-arom), 6.59 (d, J = 
2.0 Hz, 2H, H-arom), 6.53 (dd, J = 8.0 Hz, J = 4.5 Hz, 2H, H-arom), 5.74 (s, 4H, OCHO), 4.05-3.94 
(m, 16H, H-dioxolan), 2.13 (s, 6H, CH3); 13C {1H} NMR (125 MHz, CDCl3): 157.2 (d, J = 17.7 Hz, Cq), 
137.6 (m, Cq), 136.7 (d, J = 12.7 Hz, Cq), 134.5 (d, J = 17.3 Hz, CH), 134.1 (CH), 132.6 (Cq), 132.1 (d, 
J = 24.9 Hz, CH), 130.8 (CH), 128.2 (t, J = 5.5 Hz, CH), 126.4 (CH), 117.7 (CH), 103.5 (CH), 65.0 
(CH2), 20.7 (CH3); 31P {1H} NMR (121 MHz, CDCl3): δ = –14.50; HRMS (FAB+): m/z calcd. for 
C50H49O9P2 (M+H+): 855.2852; found: 855.2855. 
 
2,2’-Bis[di(3-formylphenyl)phosphino]-4,4’-dimethyl-diphenylether (13): Compound 12 (2.0 g, 
2.34 mmol) was dissolved in a mixture of water and tetrahydrofuran (50 mL, 1:1). After the addition 
of a catalytic amount of p-toluenesulfonic acid monohydrate (0.017 g, 0.09 mmol), the reaction 
mixture was stirred for 4 h at reflux temperature. After cooling to room temperature, the mixture was 
extracted with methylene chloride (70 mL). The organic phase was dried over MgSO4 and 
concentrated in vacuo. Crystallization from methylene chloride/methanol gave 13 (1.51 g, 95 %) as a 
white solid. 1H NMR (500 MHz, CDCl3): δ = 9.89 (s, 4H, CHO), 7.78 (d, J = 7.5 Hz, 4H, H-arom), 7.67 
(d, J = 7.5 Hz, 4H, H-arom), 7.40 (m, 8H, H-arom), 7.07 (dd, J = 8.0 Hz, J = 2.0 Hz, 2H, H-arom), 6.65 
(dd, J = 8.5 Hz, J = 4.5 Hz, 2H, H-arom), 6.49 (d, J = 3.5 Hz, 2H, H-arom), 2.15 (s, 6H, CH3); 13C {1H} 
NMR (125 MHz, CDCl3): δ = 192.0 (CHO), 156.9 (d, J = 16.5 Hz, Cq), 139.4 (d, J = 19.5 Hz, CH), 
137.7 (d, J = 14.8 Hz, Cq), 136.3 (t, J = 6.6 Hz, Cq), 135.1 (d, J = 22.0 Hz, CH), 134.1 (CH), 133.7 (Cq), 
131.8 (CH), 129.7 (CH), 129.1 (t, J = 6.4 Hz, CH), 125.9 (d, J = 14.8 Hz, Cq), 118.0 (CH), 20.8 (CH3); 
31P {1H} NMR (121 MHz, CDCl3): δ = –13.94; HRMS (FAB+): m/z calcd. for C42H33O5P2 (M+H+): 
679.1803; found: 679.1804; anal. calcd. for C42H32O5P2: C 74.33, H 4.75; found: C 74.55, H 4.90. 
 
H-L-Val-L-Val-OMe·HCl (I): N-Boc-L-valine (10.0 g, 46.0 mmol) was dissolved in CH2Cl2 (200 mL) 
and cooled in an ice bath. L-Valine methyl ester hydrochloride (8.5 g, 50.6 mmol) was added followed 
by EDC (8.8 g, 46.0 mmol) and DIPEA (21 mL, 126.6 mmol). After stirring for 16 h at room 
temperature the reaction mixture was concentrated under reduced pressure. The residu was taken up 
in ethyl acetate (200 mL) and washed with saturated aqueous NH4Cl (200 mL) and brine (200 mL). 
The organic phase was dried over Na2SO4 and concentrated under reduced pressure. Precipitation 
from light petroleum gave N-Boc-Val-Val-OMe (10.03 g) in 66 % yield as a white solid. 1H NMR (300 
MHz, CDCl3): δ = 6.39 (d, J = 7.2 Hz, 1H, NH), 5.06 (d, J = 8.4 Hz, 1H, NH), 4.54 (m, 1H, Hα), 3.91 
(m, 1H, Hα), 3.73 (s, 3H, OCH3), 2.16 (m, 2H, Hβ), 1.43 (s, 9H, C(CH3)3), 0.93 (m, 12H, 4 × CH3). 
Next, N-Boc-Val-Val-OMe (6.09 g, 18.4 mmol) was stirred in a mixture of TFA/CH2Cl2 (40 mL, 1:1) 
for 30 min at room temperature. All volatiles were removed under reduced pressure. Traces of TFA 
were removed by co-evaporation with CH2Cl2 (3 × 20 mL). The residu was treated with HCl (g) in 
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ethyl acetate for 30 min. All volatiles were removed under reduced pressure and traces of HCl were 
removed by co-evaporation with EtOAc (3 × 20 mL). Precipiation from diethyl ether yielded I (4.67 g) 
in 95 % as a white solid. 1H NMR (300 MHz, MeOH-d4): δ = 8.58 (d, J = 7.2 Hz, 1H, NH), 4.34 (m, 
1H, Hα), 3.83 (m, 1H, Hα), 3.71 (s, 3H, OCH3), 2.21 (m, 2H, Hβ), 1.01 (m, 12H, 4 × CH3).[26] 

 
H-L-Phe-L-Phe-OMe·HCl (II): Following the procedure as described for dipeptide I, first N-Boc-L-
phenylalanine (2.27 g, 8.58 mmol) was reacted with L-phenylalanine methyl ester hydrochloride (1.85 
g, 8.58 mmol) to give, after purification by silica gel column chromatography (EtOAc/light petroleum, 
1/1), N-Boc-Phe-Phe-OMe (2.78 g, 76 %) as a white solid. 1H NMR (300 MHz, CDCl3): δ = 7.30-7.16 
(m, 8H, H-arom), 6.96 (m, 2H, H-arom), 6.27 (d, J = 6.6 Hz, 1H, NH), 4.93 (bs, 1H, NH), 4.78 (m, 1H, 
Hα), 4.32 (m, 1H, Hα), 3.66 (s, 3H, OCH3), 3.03 (m, 4H, Hβ), 1.38 (s, 9H, C(CH3)3). Next N-Boc-Phe-
Phe-OMe (2.56 g, 6.0 mmol) was deprotected as described above to yield II (2.05 g, 94 %) as a white 
solid. 1H NMR (300 MHz, CDCl3): δ = 9.03 (d, J = 7.5 Hz, 1H, NH), 8.16 (bs, 3H, NH3), 7.31-7.19 (m, 
10H, H-arom), 4.55 (m, 1H, Hα), 4.03 (m, 1H, Hα), 3.59 (s, 3H, OCH3), 2.99 (m, 4H, Hβ).[27] 
 
H-Gly-Gly-OMe·HCl (III): Thionylchloride (0.6 mL, 8.3 mmol) was added to a suspension of 
glycylglycine (1.0 g, 7.6 mmol) in methanol (5 mL) at 0 °C. Next, the mixture was stirred at reflux 
temperature for 2 h. After cooling to room temperature, methanol and excess thionylchloride were 
removed under reduced pressure. Precipiation from methanol/diethyl ether gave glycylglycine methyl 
ester hydrochloride III (1.25 g) in 90 % yield as a white solid. 1H NMR (300 MHz, D2O): δ = 4.07 (s, 
2H, CH2), 3.88 (s, 2H, CH2), 3.74 (s, 3H, OCH3). 
 
General procedure for the preparation of imines 14-21.  
A Schlenk vessel was charged with tetraaldehyde 5, 8 or 13 (0.40 mmol), L-amino acid methyl ester 
hydrochloride or a dipeptide analogue (1.76 mmol), 3 Å molecular sieves (2 g) and methylene 
chloride (5 mL). To the suspension was added triethylamine (1.76 mmol) and the reaction mixture 
was stirred for 48 h at reflux temperature. The solution was filtered, washed with water (2 mL) and the 
organic layer was dried over Na2SO4 and concentrated under reduced pressure. The imines were 
recrystallized from light petroleum. 
 
2,7-Di-tert-butyl-4,5-bis[di(3-((S)-(1-methoxy-3-methyl-1-oxobutan-2-ylimino)methyl)pheny)-
phosphino]-9,9-dimethylxanthene (14): Compound 14 was prepared according to the general 
procedure starting from L-valine methyl ester hydrochloride (0.28 g, 1.64 mmol) and tetraaldehyde 5 
(0.30 g, 0.37 mmol) in 80 % yield (0.37 g) as a white solid. [ ]20

Da = –91.8 ° (c 1.0, CHCl3); 1H NMR (500 
MHz, CD2Cl2): δ = 8.13 (s, 2H, CH=N), 8.12 (s, 2H, CH=N), 7.76 (d, J = 7.5 Hz, 2H, H-arom), 7.72 (d, 
J = 7.5 Hz, 2H, H-arom), 7.57 (m, 4H, H-arom), 7.45 (d, J = 2.0 Hz, 2H, H-1, H-8), 7.31 (t, J = 7.5 Hz, 
2H, H-arom), 7.30 (t, J = 7.5 Hz, 2H, H-arom), 7.22 (m, 4H, H-arom), 6.53 (d, J = 2.5 Hz, 2H, H-3, H-
6), 3.68 (s, 6H, OCH3), 3.65 (s, 6H, OCH3), 3.61 (d, J = 2.5 Hz, 2H, Hα), 3.60 (d, J = 3.0 Hz, 2H, Hα), 
2.27 (m, 4H, Hβ), 1.69 (s, 6H, CH3), 1.09 (s, 18H, C(CH3)3), 0.89 (dd, J = 7.0 Hz, J = 3.0 Hz, 12H, 
CH3), 0.84 (dd, J = 8.5 Hz, J = 7.0 Hz, 12H, CH3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 172.7 (C=O), 
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163.7 (C=N), 163.6 (C=N), 150.8 (t, J = 18.5 Hz, CO), 146.4 (C-2, C-7), 138.4 (m, PC), 137.1 (t, J = 
18.2 Hz, CH), 136.7 (t, J = 17.7 Hz, CH), 136.4 (m, Cq), 135.4 (t, J = 24.9 Hz, CH), 134.9 (t, J = 24.4 
Hz, CH), 129.9 (CC-9), 129.6 (C-3, C-6), 129.1 (m, CH), 128.7 (CH), 128.6 (CH), 124.2 (C-1, C-8), 
123.8 (t, J = 18.1 Hz, C-4, C-5), 80.5 (CH), 52.2 (OCH3), 35.4 (C-9), 35.0 (C(CH3)3), 33.0 (CH), 32.3 
(CH3), 31.5 (C(CH3)3), 19.7, 18.9, 18.8 (CH3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –14.49; IR (KBr, 
cm–1): 3060 (w), 2962 (m), 2871 (w), 1740 (s), 1643 (s), 1425 (s), 1264 (s), 1024 (m), 795 (s), 693 (s); 
HRMS (FAB+): m/z calcd. for C75H93N4O9P2 (M+H+): 1255.6418; found: 1255.6404.  
 
2,7-Di-tert-butyl-4,5-bis[di(3-((S)-(1-methoxy-1-oxo-3-phenylpropan-2-ylimino)methyl)phenyl)-
phosphino]-9,9-dimethylxanthene (15): Compound 15 was prepared according to the general 
procedure starting from L-phenylalanine methyl ester hydrochloride (0.95 g, 4.4 mmol) and 
tetraaldehyde 5 (0.80 g, 1.0 mmol) in 86 % yield (1.25 g) as a white solid. [ ]20

Da = –40.8 ° (c 1.0, CHCl3); 
1H NMR (300 MHz, CDCl3): δ = 7.69-7.61 (m, 8H, CH=N, H-arom), 7.39-7.35 (m, 6H, H-arom), 
7.17-7.01 (m, 26H, H-arom), 6.38 (d, J = 2.4 Hz, 2H, H-3, H-6), 4.08 (m, 4H, Hα), 3.70 (s, 6H, OCH3), 
3.69 (s, 6H, OCH3), 3.32 (dd, J = 13.5 Hz, J = 9.0 Hz, 4H, Hβ), 3.08 (dd, J = 13.5 Hz, J = 9.0 Hz, 4H, 
Hβ) 1.69 (s, 6H, CH3), 1.07 (s, 18H, C(CH3)3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 172.3 (C=O), 
164.0 (C=N), 163.9 (C=N), 150.9 (t, J = 21.3 Hz, CO), 146.4 (C-2, C-7), 138.2 (Cq), 137.0 (m, CH), 
136.0 (Cq), 135.1 (m, CH), 131.4 (Cq), 130.2 (CH), 129.5 (C-3, C-6), 129.5 (CH), 128.8 (CH), 128.7 
(CH), 127.4 (CH), 127.0 (CH), 124.1 (C-1, C-8), 123.7 (m, C-4, C-5), 75.3 (CH), 52.5 (OCH3), 40.2 
(CH2), 35.5 (C-9), 35.0 (C(CH3)3), 32.4 (CH3), 31.6 (C(CH3)3); 31P {1H} NMR (121 MHz, CDCl3): δ =  
–14.47; IR (KBr, cm–1): 3059 (w), 3028 (w), 2953 (m), 2868 (w), 1740 (s), 1640 (s), 1424 (s), 1263 (s), 
1202 (s), 1165 (s), 1084 (s), 1030 (m), 795 (s), 750 (s), 698 (s); HRMS (FAB+): m/z calcd. for 
C91H93N4O9P2 (M+H+): 1447.6418; found: 1447.6451. 
 
2,7-Di-tert-butyl-4,5-bis[di(3-((2-methoxy-2-oxoethylimino)methyl)phenyl)phosphino]-9,9-
dimethylxanthene (16): Compound 16 was prepared according to the general procedure starting 
from glycine methyl ester hydrochloride (0.21 g, 1.64 mmol) and tetraaldehyde 5 (0.30 g, 0.37 mmol) 
in 82 % yield (0.33 g) as a yellowish solid. 1H NMR (500 MHz, CD2Cl2): δ = 8.14 (s, 4H, CH=N), 7.74 
(d, J = 7.5 Hz, 4H, H-arom), 7.53 (m, 4H, H-arom), 7.47 (d, J = 2.5 Hz, 2H, H-1, H-8), 7.31 (t, J = 7.5 
Hz, 4H, H-arom), 7.23 (m, 4H, H-arom), 6.54 (d, J = 2.0 Hz, 2H, H-3, H-6), 4.33 (s, 8H, CH2), 3.71 (s, 
12H, OCH3), 1.70 (s, 6H, CH3), 1.10 (s, 18H, C(CH3)3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 171.0 
(C=O), 165.6 (C=N), 151.1 (t, J = 19.4 Hz, CO), 146.5 (C-2, C-7), 138.6 (t, J = 14.3 Hz, PC), 137.0 (t,    
J = 17.7 Hz, CH), 136.2 (t, J = 7.2 Hz, Cq), 135.1 (t, J = 24.4 Hz, CH), 130.1 (CC-9), 129.5 (C-3, C-6), 
129.1 (CH), 128.4 (CH), 124.1 (C-1, C-8), 123.7 (t, J = 17.7 Hz, C-4, C-5), 62.4 (CH2), 52.4 (OCH3), 
35.5 (C-9), 35.0 (C(CH3)3), 32.0 (CH3), 31.6 (C(CH3)3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –14.42; 
IR (KBr, cm–1): 3052 (w), 2954 (m), 2876 (w), 1740 (s), 1646 (s), 1424 (s), 1263 (s), 1201 (s), 1109 (s), 
795 (m), 691 (s); HRMS (FAB+): m/z calcd. for C63H69N4O9P2 (M+H+): 1087.4540; found: 1087.4576. 
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2,7-Di-tert-butyl-4,5-bis[di(3-(((S)-1-((S)-1-methoxy-3-methyl-1-oxobutan-2-ylamino)-3-methyl-
1-oxobutan-2-ylimino)methyl)phenyl)phosphino]-9,9-dimethylxanthene (17): Compound 17 was 
prepared according to the general procedure starting from valylvaline methyl ester I (0.18 g, 0.66 
mmol) and tetraaldehyde 5 (0.12 g, 0.15 mmol) in 73 % yield (0.18 g) as a white solid. [ ]20

Da = +62.3 ° 
(c 1.0, CHCl3); 1H NMR (500 MHz, CD2Cl2): δ = 8.04 (s, 2H, CH=N), 8.03 (s, 2H, CH=N), 7.84 (d, J = 
8.0 Hz, 2H, H-arom), 7.75 (d, J = 7.5 Hz, 2H, H-arom), 7.61 (m, 4H, H-arom), 7.45 (d, J = 2.0 Hz, 2H, 
H-1, H-8), 7.25 (m, 12H, NH, H-arom), 6.52 (d, J = 2.5 Hz, 2H, H-3, H-6), 4.46 (m, 4H, Hα), 3.61 (s, 
6H, OCH3), 3.56 (s, 6H, OCH3), 3.55 (m, 4H, Hα), 2.19 (m, 8H, Hβ), 1.68 (s, 6H, CH3), 1.08 (s, 18H, 
C(CH3)3), 0.91 (m, 48H, CH3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 172.6-172.5 (C=O), 163.0 
(C=N), 151.0 (t, J = 19.0 Hz, CO), 146.6 (C-2, C-7), 138.6 (m, PC), 137.0 (m, CH), 136.2 (m, Cq), 
135.6 (m, CH), 134.8 (m, CH), 130.1 (CC-9), 129.6 (C-3, C-6), 129.3 (m, CH), 128.6 (CH), 128.1 
(CH), 124.2 (C-1, C-8), 123.7 (m, C-4, C-5), 80.0 (CH), 79.8 (CH), 57.4 (CH), 52.4 (OCH3), 52.3 
(OCH3), 35.5 (C-9), 35.0 (C(CH3)3), 33.5 (CH), 32.2 (CH3), 31.8 (CH), 31.5 (C(CH3)3), 19.8, 19.5, 18.4, 
18.3, 18.1, 18.0 (CH3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –14.81; IR (KBr, cm–1): 3388 (m), 3043 
(w), 2963 (m), 2872 (w), 1744 (s), 1683 (s), 1507 (s), 1424 (s), 1370 (m), 1263 (s), 1207 (s), 1101 (m), 
796 (s), 693 (s); HRMS (FAB+): m/z calcd. for C95H129N8O13P2 (M+H+): 1651.9154; found: 1651.9113. 
 
2,7-Di-tert-butyl-4,5-bis[di(3-(((S)-1-((S)-1-methoxy-1-oxo-3-phenylpropan-2-ylamino)-1-oxo-3-
phenylpropan-2-ylimino)methyl)phenyl)phosphino]-9,9-dimethylxanthene (18): Compound 18 
was prepared according to the general procedure starting from phenylalanyl-phenylalanine methyl 
ester II (0.24 g, 0.66 mmol) and tetraaldehyde 5 (0.12 g, 0.15 mmol) in 86 % yield (0.26 g) as a white 
solid. [ ]20

Da = –122.1 ° (c 1.0, CHCl3); 1H NMR (500 MHz, CD2Cl2): δ = 7.57-7.53 (m, 4H, CH=N), 7.46 
(m, 4H, H-arom), 7.36 (m, 4H, H-arom), 7.16-6.93 (m, 54H, NH, H-arom), 6.44 (d, J = 2.0 Hz, 2H, H-
3, H-6), 4.72 (m, 4H, Hα), 3.90 (m, 4H, Hα), 3.59 (s, 6H, OCH3), 3.52 (s, 6H, OCH3), 3.08 (m, 4H, 
Hβ), 3.00 (m, 8H, Hβ), 2.75 (m, 4H, Hβ), 1.70 (s, 6H, CH3), 1.09 (s, 18H, C(CH3)3); 13C {1H} NMR 
(125 MHz, CD2Cl2): δ = 172.2-172.0 (C=O), 163.2 (C=N), 150.8 (t, J = 21.3 Hz, CO), 146.5 (C-2, C-7), 
138.4 (m, Cq), 137.9 (Cq), 136.7 (Cq), 135.8 (m, Cq), 135.1 (m, CH), 130.5 (CH), 129.9 (CH), 129.2 
(CH), 129.1 (CH), 128.1 (CH), 127.9 (CH), 127.7 (CH), 127.6 (CH), 127.0 (CH), 124.3 (C-1, C-8), 
123.6 (t, J = 17.5 Hz, C-4, C-5), 75.2 (CH), 75.0 (CH), 53.3 (CH), 53.2 (CH), 52.7 (OCH3), 52.6 
(OCH3), 41.7 (CH2), 38.5 (CH2), 35.4 (C-9), 35.0 (C(CH3)3), 32.6 (CH3), 31.6 (C(CH3)3); 31P {1H} NMR 
(121 MHz, CD2Cl2): δ = –15.19; IR (KBr, cm–1): 3378 (m), 3061 (w), 3028 (w), 2953 (m), 2866 (w), 
1744 (s), 1679 (s), 1497 (s), 1424 (s), 1362 (m), 1212 (s), 1112 (m), 1081 (m), 1030 (m), 795 (s), 747 (s), 
670 (s); HRMS (FAB+): m/z calcd. for C127H129N8O13P2 (M+H+): 2035.9154; found: 2035.9182. 
 
2,7-Di-tert-butyl-4,5-bis[di(3-((2-(2-methoxy-2-oxoethylamino)-2-oxoethylimino)methyl)pheny)-
phosphino]-9,9-dimethylxanthene (19): Compound 19 was prepared according to the general 
procedure starting from glycylglycine methyl ester III (0.30 g, 1.64 mmol) and tetraaldehyde 5 (0.30 g, 
0.37 mmol) in 84 % yield (0.41 g) as a slightly yellow solid. 1H NMR (500 MHz, CD2Cl2): δ = 8.18 (s, 
4H, CH=N), 7.77 (d, J = 7.7 Hz, 4H, H-arom), 7.61 (m, 4H, H-arom), 7.48 (d, J = 2.1 Hz, 2H, H-1, H-
8), 7.39-7.26 (m, 12H, NH, H-arom), 6.56 (d, J = 2.0 Hz, 2H, H-3, H-6), 4.23 (s, 8H, CH2), 4.02 (s, 8H, 
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CH2), 3.72 (s, 12H, OCH3), 1.71 (s, 6H, CH3), 1.11 (s, 18H, C(CH3)3); 13C {1H} NMR (125 MHz, 
CD2Cl2): δ = 170.8 (C=O), 171.0 (C=O), 164.2 (C=N), 150.9 (t, J = 17.5 Hz, CO), 146.5 (C-2, C-7), 
138.6 (t, J = 15.6 Hz, PC), 136.9 (t, J = 18.9 Hz, CH), 136.0 (t, J = 6.8 Hz, Cq), 134.9 (t, J = 26.1 Hz, 
CH), 130.1 (CC-9), 129.2 (C-3, C-6), 128.5 (CH), 128.4 (CH), 124.2 (C-1, C-8), 123.6 (t, J = 19.4 Hz, 
C-4, C-5), 63.0 (CH2), 52.6 (OCH3), 46.5 (CH2), 35.4 (C-9), 35.0 (C(CH3)3), 31.5 (C(CH3)3), 31.2 
(CH3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –14.85; IR (KBr, cm–1): 3362 (m), 3049 (w), 2952 (m), 
2871 (w), 1749 (s), 1674 (s), 1525 (s), 1424 (s), 1365 (m), 1208 (s). 1110 (m), 794 (s), 695 (s); HRMS 
(FAB+): m/z calcd. for C71H81N8O13P2 (M+H+): 1315.5398; found: 1315.5389. 
 
2,7-Di-tert-butyl-4,5-bis[di(4-(((S)-1-((S)-1-methoxy-3-methyl-1-oxobutan-2-ylamino)-3-methyl-
1-oxobutan-2-ylimino)methyl)phenyl)phosphino]-9,9-dimethylxanthene (20): Compound 20 was 
prepared according to the general procedure starting from valylvaline methyl ester I (0.12 g, 0.44 
mmol) and tetraaldehyde 8 (0.08 g, 0.1 mmol) in 86 % yield (0.14 g) as a white solid. [ ]20

Da = +70.9 ° (c 
1.0, CHCl3); 1H NMR (500 MHz, CD2Cl2): δ = 8.13 (s, 2H, CH=N), 8.11 (s, 2H, CH=N), 7.70 (m, 8H, 
H-arom), 7.49 (d, 2H, J = 2.0 Hz, H-1, H-8), 7.29 (m, 12H, NH, H-arom), 6.58 (d, 2H, J = 2.5 Hz, H-3, 
H-6), 4.52 (m, 4H, Hα), 3.72 (s, 6H, OCH3), 3.63 (s, 6H, OCH3), 3.62 (m, 4H, Hα), 2.25 (m, 8H, Hβ), 
1.73 (s, 6H, CH3), 1.12 (s, 18H, C(CH3)3), 0.92 (m, 48H, CH3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 
172.7-172.6 (C=O), 162.8 (C=N), 150.6 (t, J = 19.0 Hz, CO), 146.6 (C-2, C-7), 136.4 (Cq), 136.2 (Cq), 
134.8 (m, CH), 134.4 (m, CH), 132.3 (Cq), 131.4 (m, CH), 129.8 (CC-9), 129.7 (C-3, C-6), 129.3 (CH), 
128.6 (CH), 128.5 (CH), 124.5 (C-1, C-8), 123.5 (m, C-4, C-5), 79.7 (CH), 79.6 (CH), 57.4 (CH), 52.4 
(OCH3), 52.3 (OCH3), 35.4 (C-9), 35.0 (C(CH3)3), 33.6 (CH), 32.6 (CH3), 31.8 (CH), 31.5 (C(CH3)3), 
20.0, 19.9, 19.5, 18.2, 18.1, 18.0 (CH3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –14.81; IR (KBr, cm–1): 
3382 (m), 3068 (w), 2964 (s), 2873 (w), 1743 (s), 1680 (s), 1507 (s), 1426 (s), 1262 (s), 1206 (m), 1153 
(m), 1110 (m), 1017 (m), 820 (s), 803 (s), 699 (s); HRMS (FAB+): m/z calcd. for C95H129N8O13P2 
(M+H+): 1651.9154; found: 1651.9111. 
 
2,2’-Bis[di(3-(((S)-1-((S)-1-methoxy-3-methyl-1-oxobutan-2-ylamino)-3-methyl-1-oxobutan-2-
ylimino)methyl)phenyl)phosphino]-4,4’-dimethyl-diphenylether (21): Compound 21 was prepared 
according to the general procedure starting from valylvaline methyl ester I (0.26 g, 0.97 mmol) and 
tetraaldehyde 13 (0.15 g, 0.22 mmol) in 89 % yield (0.30 g) as an off-white solid. [ ]20

Da = +42.0 ° (c 1.0, 
CHCl3); 1H NMR (500 MHz, CD2Cl2): δ = 8.11 (s, 2H, CH=N), 8.10 (s, 2H, CH=N), 7.86 (d, J = 8.0 
Hz, 2H, H-arom), 7.82 (d, J = 7.5 Hz, 2H, H-arom), 7.62 (t, J = 7.7 Hz, 2H, H-arom), 7.36 (m, 4H, NH, 
H-arom), 7.27 (d, J = 5.5 Hz, 4H, NH), 7.17 (m, 4H, H-arom), 7.03 (d, J = 6.5 Hz, 2H, H-arom), 6.64 
(d, J = 2.5 Hz, 2H, H-arom), 6.60 (dd, J = 8.5 Hz, J = 4.5 Hz, 2H, H-arom), 4.46 (m, 4H, Hα), 3.61 (s, 
6H, OCH3), 3.60 (m, 4H, Hα), 3.59 (s, 6H, OCH3), 2.20 (m, 8H, Hβ), 2.14 (s, 6H, CH3), 0.92 (m, 48H, 
CH3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 172.6-172.5 (C=O), 162.8 (C=N), 157.7 (d, J = 17.7 Hz, 
Cq), 137.8 (m, Cq), 137.0 (m, CH), 136.3 (m, Cq), 135.3 (d, J = 24.1 Hz, CH), 135.1 (d, J = 23.8 Hz, 
CH), 134.7 (CH), 133.9 (Cq), 131.8 (CH), 129.4 (CH), 128.3 (d, J = 12.2 Hz, CH), 127.8 (m, Cq), 118.3 
(CH), 79.8 (CH), 57.4 (CH), 52.4 (OCH3), 52.3 (OCH3), 33.6 (CH), 31.8 (CH), 20.0 (CH3), 19.8, 19.5, 
18.3, 18.2, 18.1, 18.0 (CH3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –14.76; IR (KBr, cm–1): 3386 (m), 
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3071 (w), 2963 (s), 2873 (w), 1743 (s), 1680 (s), 1510 (s), 1467 (s), 1370 (m), 1264 (s), 1211 (s), 1153 
(s), 798 (s), 693 (s); HRMS (FAB+): m/z calcd. for C86H113N8O13P2 (M+H+): 1527.7902; found: 
1527.7880. 
 
[(17)PtCl2]: Ligand 17 (22.3 mg, 13.5 μmol) and [(MeCN)2PtCl2] (4.7 mg, 13.5 μmol) were placed in a 
Schlenk flask. Acetonitrile (2 mL) was added and the reaction mixture was stirred overnight at room 
temperature. The solvent was removed under reduced pressure. The resulting white solid was washed 
with hexanes and dried in vacuo. 31P {1H} NMR (121 MHz, CDCl3): δ = 4.40 (1JPt,P = 3677 Hz); HRMS 
(FAB+): m/z calcd. for C95H129ClN8O13P2Pt (M–Clˉ): 1881.8430; found: 1881.8442. 
 
[(15)PdCl2]: Ligand 15 (72.4 mg, 50 μmol) and [Pd(cod)Cl2] (19.2 mg, 50 μmol) were placed in a 
Schlenk flask. THF (4 mL) was added and the reaction mixture was stirred overnight at room 
temperature. The solvent was removed under reduced pressure. The resulting yellow powder was 
washed with diethyl ether and dried in vacuo. 31P {1H} NMR (121 MHz, CDCl3): δ = 23.45; HRMS 
(FAB+): m/z calcd. for C91H92ClN4O9P2Pd (M–Clˉ): 1589.5089; found: 1589.5065.  
 
[(14)Rh(H)(CO)(PPh3)]: A solution of ligand 14 (16.9 mg, 13.5 μmol) and [(PPh3)3Rh(H)(CO)] (12.4 
mg, 13.5 μmol) in CH2Cl2 (2 mL) was stirred for 4 h. The solvent was removed in vacuo and the 
residue was analyzed by NMR spectroscopy. 1H NMR (300 MHz, C6D6): δ = 7.80-7.71 (m, 12H, H-
arom), 7.68 (m, 10H, H-arom), 7.05-6.96 (m, 22H, H-arom), 3.55 (d, J = 6.9 Hz, 2H, Hα), 3.49 (dd, J = 
6.9 Hz, J = 3.6 Hz, 2H, Hα), 3.36 (s, 3H, OCH3), 3.33 (s, 3H, OCH3), 3.31 (s, 3H, OCH3), 3.29 (s, 3H, 
OCH3), 2.46 (m, 4H, Hβ), 1.81 (s, 3H, CH3), 1.68 (s, 3H, CH3), 1.12 (s, 18H, C(CH3)3), 0.91 (m, 24H, 
CH3), –9.60 (dt, JP,H = 18.7 Hz, JP,H = 12.4 Hz, 1H, RhH); 31P {1H} NMR (121 MHz, C6D6): δ = 41.63 
(dt, 1JRh,P = 170 Hz, 2JP,P = 132 Hz, PPh3), 22.01 (dd, 1JRh,P = 148 Hz, 2JP,P = 132 Hz, P). 
 
General procedure for the asymmetric hydroformylation of vinyl acetate.  
The hydroformylation experiments were performed in a stainless steel autoclave with a glass inner 
beaker (15 mL) and a substrate inlet vessel. In a typical experiment, [Rh(acac)(CO)2] (2 μmol) and 
phosphorus ligand (4 eq.) were dissolved in toluene (1.5 mL). The catalyst solution was introduced 
into the autoclave via a syringe. The autoclave was flushed three times with 7.0 bar of CO/H2, then 
pressurized to 7.0 bar CO/H2 and heated to 60 °C. The solution was stirred for 1 h at this temperature. 
A mixture of vinyl acetate (0.5 mmol) and heptane as internal standard (0.25 mmol) in toluene (0.5 
mL) was introduced, and the pressure was raised to 10.0 bar of CO/H2. After the appropriate reaction 
time, the magnetical stirrer was stopped and the reactor cooled rapidly. The pressure was reduced to 
1.0 bar and the conversion was determined by GC using a DB-1 (J&W) column (40 °C for 20 min, 
then ΔT = 20 °C min-1, retention times: 5.6 min for vinyl acetate, 6.5 min for acetic acid, 14.2 min for 
heptane, 22.5 min for 2-acetoxy-propanal and 25.5 min for 3-acetoxy-propanal. The enantiomeric 
purity of the branched aldehyde was determined by chiral GC using a Chiralsil DEX-CB column (50 
°C for 5 min, then ΔT = 6 °C min-1, tR (R) = 7.2 min, tR (S) = 7.6 min). 
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General procedure for the asymmetric hydroformylation of styrene.  
The hydroformylation experiments were performed in a stainless steel autoclave with a glass inner 
beaker (15 mL) and a substrate inlet vessel. Styrene was filtered over basic alumina to remove possible 
peroxide impurities. In a typical experiment, [Rh(acac)(CO)2] (2 μmol) and phosphorus ligand (4 eq.) 
were dissolved in toluene (1.5 mL). The catalyst solution was introduced into the autoclave via a 
syringe. The autoclave was flushed three times with 15.0 bar of CO/H2, then pressurized to 15.0 bar 
CO/H2 and heated to 60 °C. The solution was stirred for 1 h at this temperature. A mixture of styrene 
(0.5 mmol) and decane as internal standard (0.25 mmol) in toluene (0.5 mL) was introduced, and the 
pressure was raised to 20.0 bar of CO/H2. After the appropriate reaction time, the magnetical stirrer 
was stopped and the reactor cooled rapidly. The pressure was reduced to 1.0 bar and a few drops of 
tri-n-butylphosphite were added to prevent any further reaction. The conversion was determined by 
GC using a DB-1 (J&W) column (70 °C for 1 min, then ΔT1 = 7 °C min–1 to 120 °C and ΔT2 = 13 °C 
min–1 to 250 °C; retention times: 9.0 min for styrene, 11.3 min for decane, 12.9 min for 2-
phenylpropanal and 13.8 min for 3-phenylpropanal. The enantiomeric purity was determined by 
chiral GC using a Supelco β-DEX 225 column (T = 100 °C for 5 min, then ΔT = 4 °C min–1, tR 
(branced R) = 11.8 min, tR (branced S) = 12.1 min, tR (linear) = 15.6 min). 
 
General procedure for asymmetric hydrogenation experiments. 
The hydrogenation experiments were carried out in a stainless steel autoclave (total volume is 150 
mL) charged with an insert suitable for 8 or 14 reaction vessels including Teflon mini stirring bars for 
conducting parallel reactions. In a typical experiment, a reaction vessel was charged with 
[Rh(cod)2]BF4 (0.50 μmol), bidentate ligand (0.55 μmol), substrate (50 μmol) and decane (25 μmol) in 
0.5 mL of solvent. Before starting the catalytic reactions, the charged autoclave was purged three times 
with 5 bar of dihydrogen and then pressurized to 5 bar H2. The reaction mixtures were stirred at 25 °C 
for 20 h. Next, the autoclave was depressurized and the reaction mixtures were filtered over a plug of 
silica. The conversion was determined by GC measurement and the enantiomeric excess was 
measured by chiral GC using the following columns and conditions: for G: Chiralsil DEX-CB column 
(T = 70 °C for 1 min, then ΔT = 7 °C min–1, tR (G) = 6.4 min, tR (S) = 7.2 min, tR (R) = 7.4 min); and 
for H: Supelco β-DEX 225 column (T = 70 °C for 50 min, then ΔT = 25 °C min–1, tR (S) = 51.7 min, tR 
(R) = 52.3 min, tR (H) = 53.5 min). 
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Cyclic Bisxantphos Ligands 
 

A new class of cyclic double bridged diphosphines 
 
 
 
Abstract 
 
A new class of cyclic double bridged diphosphine ligands has been developed. The 
reaction of 4,5-dilithioxanthene with dichlorophenylphosphine gave a cyclic double 
bridged diphosphine ligand based on two xanthene backbones (4) as a single 
stereoisomer. X-ray crystal structure determination revealed that the groups bridging 
the two phosphorus atoms are arranged in a syn-disposition. This new cyclic 
bisxantphos ligand and the structurally related P-bridged [1.1]ferrocenophane were 
modified with amino acid residues at the third substituent of the phosphorus atoms so 
that, upon coordination of the ligand to a metal complex, a chiral enzyme-like cavity 
around the metal center is generated. The amino acid containing P-bridged 
[1.1]ferrocenophanes proved to be active in the palladium-catalyzed substitution 
reaction of (E)-1,3-diphenylprop-2-ene-1-yl acetate with benzylamine.  



Chapter 3 

64 

Introduction 
 
Diphosphines have been widely used as bidentate ligands in numerous transition metal 
catalyzed transformations.[1] Despite tremendous progress, organometallic catalysts 
have not reached the efficiency of their natural counterparts, enzymes, in terms of 
substrate-selectivity and activity. There are, however, a large number of transition 
metal catalyzed transformations for which no enzymatic version exists. The 
development of hybrid catalysts that combine the reactivity of a transition metal center 
with the potential for chiral enantioselection of a biomolecular scaffold to get the best 
of both homogeneous and enzymatic catalysis, is an emerging field of research.[2] The 
incorporation of a transition metal allows the enzyme to perform new types catalytic 
transformations, thereby broadening the substrate scope of enzymes. 

Alternatively, implementation of features of biological systems in transition metal 
catalysts is employed in order to mimic enzymes.[3] Enzymatic reactions typically 
impose selectivity by control of the geometry in the enzyme–substrate complex. In 
synthetic organometallic catalysts, the catalytic performance is traditionally tuned by 
variation of the steric bulk and electronic properties of the ligands. Building on this 
concept, a partially closed cavity or pocket can be constructed that limits both the 
manner of substrate binding and the size or shape of the substrate allowed access to the 
transition metal center. Similar to the active sites of the enzymes, the pocket- and 
cavity-shaped ligands coordinated to the metal not only modify and regulate the 
electronic properties of the metal, but also introduce geometrical effects that may 
determine the way the substrate is interacting with the catalyst. 

Phosphorus-based calix[4]arenes[4] and calix[6]arenes[5] have been employed as 
scaffolds for the development of structurally well-defined pocket-shaped ligands. The 
combination of calixarene cavities with catalytic centers was shown to lead to shape-
selective catalysts. Also the use of cyclodextrins as synthetic cavity species has received 
much attention in recent years and there are numerous reports on their application as 
components of artificial enzymes.[6] 

Cyclic double bridged diphosphines in which the two phosphine lone pairs are syn 
coordinated form another class of ligands in which the metal embracement is 
particulary effective. Each phosphorus atom has one substituent R forced to reside at 
the front side of the metal center, and therefore, structural modulations are possible 
around the metal center with various R groups. Furthermore, substituents that provide 
large steric bulk can have a pronounced effect on substrate coordination to the metal 
center. Synthetic routes to these cyclic diphosphines are relatively undeveloped and the 
compounds are usually obtained as mixtures of stereoisomers. Stereoselective synthetic 
methods have been developed for 1,n-diphospacycloalkanes by Alder et al.[7], for 1,5-
diaza-3,7-disphosphacyclooctane derivatives by Karasik et al.[8] and for phosphorus-
bridged [1.1]ferrocenophanes by Mizuta et al.[9] (Figure 1). 
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Figure 1. Cyclic double bridged diphosphines developed by a) Alder, b) Karasik and c) Mizuta. 
 

In this Chapter, we report the stereoselective synthesis of a new class of cyclic 
double bridged diphosphines based on two xanthene backbones, as well as their 
coordination behavior to transition metals. The well-defined structure of this class of 
ligands should ensure an effective embracement of the transition metal and so enhance 
the regioselectivity of transition metal catalyzed reactions. The cyclic bisxantphos 
ligand, together with the structurally related P-bridged [1.1]ferrocenophane,[9] were 
modified with amino acid residues to create a chiral cavity around the metal center that 
mimics the chiral pocket of an enzyme. Non-covalent secondary interactions between 
functionalized substrates and amino acid-containing ligands can influence the 
enantioselective outcome of asymmetric catalytic reactions as was shown in Chapter 2. 
In the present systems, the chiral amino acids will completely embrace the transition 
metal, an important aspect in, for example, palladium-catalyzed allylic substitutions.[10] 
 
 
Results and Discussion 
 

The synthetic route to cyclic bisxantphos is shown in Scheme 1. The commercially 
available 4,5-dibromo-2,7-di-tert-butyl-9,9-dimethylxanthene (1) was chosen as a 
starting material. Lithiation of 1 with four equivalents of t-BuLi provided compound 2. 
Slow simultaneous addition of this compound and dichlorophenylphosphine (3) to a 
stirred ether solution gave cyclic diphosphine 4 in 10 % yield. In addition to the cyclic 
bisxantphos 4, the monophosphine derivative and oligomers were formed. The 
isolation of compound 4 from the reaction mixture was achieved by circular column 
chromatography.[11]  

In an attempt to improve the yield of compound 4, we studied a stepwise synthesis 
procedure. The reaction of PhPCl2 with two equivalents of monolithiated xanthene 1 
gave the expected bisxantphos monophosphine derivative. Lithiation of the remaining 
arylbromides and subsequent reaction with a second equivalent of PhPCl2 under high 
dilution (due to low solubility of the dilithio intermediate), did not result in the 
formation of bisxantphos 4. In addition, we explored the possibility of a templated 
synthesis of compound 4. The transition metal template bis(dichlorophenyl-
phosphino)tetracarbonyl-molybdenum[12] and the P-N templates N,N-bis(dichloro-
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phosphino)aniline,[13] N,N-bis(dichlorophosphino)methylamine[14] and 1,4-bis-(di-
chlorophosphino)piperazine[15] were reacted with dilithio compound 2 under high 
dilution, but in neither of these reactions a cyclization product was observed. 
 
 
 
 
 
 
 
 
 
 
Scheme 1. Reagents and conditions: i. t-BuLi, Et2O, –78 °C; ii. Mixing of 2 and 3, Et2O, 10 %.  

 
In the 31P {1H} NMR spectrum of 4, one sharp signal was observed at δ = –36.0 ppm, 

which is an upfield shift compared to the related acyclic 2,7-di-tert-butyl-9,9-dimethyl-
4,5-bis(diphenylphosphino)xanthene (δ = –16.2 ppm).[16] The upfield shift can be 
attributed to a flattening of the phosphorus atoms, caused by the conformational 
constraints imposed by the cyclic structure. The presence of only one phosphorus 
signal suggests that a single stereoisomer is formed.[17] From the 1H NMR spectrum it 
was evident that compound 4 is highly symmetrical. The tert-butyl protons are 
observed as a sharp singlet and two distinct resonances corresponding to the methyl 
groups were found at δ = 1.73 and 1.52 ppm. 

Crystals suitable for X-ray diffraction were obtained by slow diffusion of methanol 
into a dichloromethane solution of compound 4. The structure is shown in Figure 2 
and selected angles and bond lengths are given in Table 1.  

 
Table 1. Selected bond lengths and angles for compound 4 (symmetry operation i: 2-x, y, z). 

bond length (Å) 
C21-P2 1.843(3) C11-P1 1.847(2) 
P2-C61 1.846(4) P1-C51 1.837(3) 
C21-C22 1.401(4) C11-C12 1.399(3) 
C21-C26 1.408(4) C11-C16 1.386(3) 
P1···P2 4.2890(13)   

bond angle (°) 
C21-P2-C21i 99.04(16) C11-P1-C11i 99.59(15) 
C21-P2-C61 102.52(13) C11-P1-C51 102.67(10) 
P2-C21-C22 118.71(19) P1-C11-C12 118.36(18) 
P2-C21-C26 123.4(2) P1-C11-C16 123.67(18) 
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Figure 2. Molecular structure of 4 in the crystal. Displacement ellipsoids are drawn at the 50 % 
probability level. Symmetry operation i: 2-x, y, z. Hydrogen atoms and solvent molecules are omitted 
for clarity. Top: view along the crystallographic [0,0,1] direction. Bottom: view along the 
crystallographic [-1,0,0] direction. 
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The crystal structure shows that the two bridging xanthene groups are arranged in a 
syn-disposition. The structure has CS symmetry, with an exact, crystallographic 
mirrorplane passing through the two phosphorus atoms and the attached phenyl rings. 
There is no additional symmetry present in the molecule. P1 and P2 and their 
environments are thus independent. The potential C2v symmetry of the molecule is 
broken by the different orientations of tert-butyl groups in the crystal structure. In 
solution, these groups can freely rotate and therefore the tert-butyl groups and the 
phosphorus atoms are equivalent according the NMR observations. Here, the 
compound shows in average C2v symmetry. 

The P···P distance is 4.2890(13) Å, that is significantly longer than the 4.080 Å 
observed for the Xantphos ligand.[18] In metal complexes of ligands of the Xantphos 
family, the P···P distance is even shorter,[19] except in complexes where the ligand 
displays trans-coordination, in which case the distance is larger (around 4.5 Å).[20] The 
increased rigidity of ligand 4 makes prediction of its coordination behaviour difficult. 
Therefore, the formation of several transition metal complexes with bisxantphos 4 was 
examined. 

When [Pt(cod)Cl2] (cod = 1,5-cyclooctadiene) was reacted with one equivalent of 
diphosphine 4 in methylene chloride, the resulting 31P {1H} NMR spectrum displayed 
one sharp signal at δ = –23.6 ppm with a 1J(Pt,P) coupling constant of 1781 Hz. The value 
of the 1J(Pt,P) can be directly correlated with the coordination mode of the diphosphine. 
Values below 3000 Hz (usually around 2500 Hz) are encountered for trans-
diphosphines, and higher values (around 3600 Hz) for complexes in which the 
phosphines occupy cis-positions. The low value of 1781 Hz is probably due to a 
distorted trans geometry.[21] The formation of trans-[(4)PtCl2] is interesting since the 
development of only trans-coordinating diphosphine ligands is the subject of ongoing 
research.[22] 

The reaction of ligand 4 with [Pd(cod)Cl2] in methylene chloride at room 
temperature gave [(4)PdCl2] as a yellow powder. A 31P {1H} NMR spectrum of this 
complex showed one sharp signal at δ = –14.5 ppm. We also studied the formation of 
palladium-allyl complexes with bisxantphos 4, but these were only analyzed in situ 
since isolation of the complexes led to product decomposition. When [Pd(η3-C3H5)Cl]2 
was mixed with two equivalents of ligand 4 in CD2Cl2, the resulting 31P NMR spectrum 
displayed one singlet at δ = –21.22 ppm. The 1H NMR spectrum was less clear. The 
terminal protons syn and anti to the central proton of the allyl group in complex 
[(4)Pd(η3-C3H5)]Cl interconverted slowly on the NMR time scale and consequently two 
signals were observed in the 1H NMR spectrum at δ = 3.23 and 2.90 ppm. This syn-anti 
isomerization takes place via an η3-η1-η3 rearrangment. There were no signals observed 
of an olefinic CH2-unit (typically two double doublets around δ = 5.0 ppm). This 
excludes the presence of an η1-allyl complex and we can conclude that ligand 4 forms 
an η3-allyl complex.[19e]  
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The palladium complex [(4)Pd(η3-C3H5)]OTf was prepared in situ by addition of 
bisphosphine 4 to [Pd(η3-C3H5)Cl]2, followed by two equivalents of silver triflate. One 
singlet at δ = –21.34 ppm was observed in the 31P NMR spectrum. Interestingly, the 
dynamics of the methyl and tert-butyl groups of the backbone varied with the 
counterion. A single resonance corresponding to the tert-butyl groups and two 
resonances for the backbone methyl groups were observed in [(4)Pd(η3-C3H5)]Cl, 
whereas two resonances for the tert-butyl groups and four distinct resonances for the 
methyl groups were observed in complex [(4)Pd(η3-C3H5)]OTf. Similar behaviour was 
previously observed for [(Xantphos)Pd(η3-C3H5)]X complexes for which the 
interconvertion of the backbone substituents was ascribed to reversible dissociation of 
one-half of the bidentate ligand or pseudorotation via a pentacoordinate palladium 
complex formed by coordination of the counterion.[23] In the pentacoordinated 
[(4)Pd(η3-C3H5)]Cl complex the chloro anion facilitates both the η3-η1-η3 (or π-σ-π) 
rearrangment of the allyl moiety[24] and the syn-syn, anti-anti exchange (apparent 
rotation of the allyl group). The latter is a faster exchange process than the syn-anti 
isomerization. As a result an apparent high symmetry (C2v) is obtained as indicated by 
one average resonance for the tert-butyl groups and two resonances for the methyl 
groups. In [(4)Pd(η3-C3H5)]OTf, with the non-coordinating OTf anion, both processes 
are slower than in the Cl-complex. If these processes are slow on the NMR timescale, 
the symmetry of the complex is C1, resulting in four methyl signals and two tert-butyl 
signals in the 1H NMR spectrum of [(4)Pd(η3-C3H5)]OTf. 
 
– Synthesis of amino acid-functionalized cyclic double bridged diphosphines 
Next, optically active amino acids were introduced in the cyclic bisxantphos structure 
in order to create a chiral pocket around the transition metal. Structural modulations of 
bisxantphos 4 are possible by varying the aryldichlorophosphine species in the 
cyclization step. The introduction of amino acid fragments to compound 4 requires the 
synthesis of aryldichlorophosphine derivatives containing protected functional groups 
that are competible with lithium reagents. After the cyclization step, these groups can 
be removed to allow the introduction of the amino acid residues.  
 
 
 
 
 
 
Scheme 2. Reagents and conditions: i. a) n-BuLi, Et2O, –78 °C, b) ClP(NEt2)2, Et2O, –78 °C, 6: 49 %, 9: 
55 %; ii. PCl3, Et2O, 0 °C, 7: 99 %, 10: 99 %. 
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Protected benzaldehyde 5 and aniline 8 were converted into the suitable bis(diethyl-
amino)arylphosphines by reaction of their respective aryl-lithium derivative with 
ClP(NEt2)2 (Scheme 2). Subsequent reaction with PCl3 yielded the desired 
aryldichlorophosphines 7 and 10. Unfortunately, both 7 and 10 turned out to be poorly 
soluble in lithium-reagent tolerant solvents such as diethyl ether, tetrahydrofuran and 
toluene, and thus could not be effectively used in the cyclization step of the bisxantphos 
derivatives. 

Alternatively, the functional groups required for the reaction with amino acid 
residues can be introduced after the cyclization step. For instance, arylbromides are 
commonly employed for the synthesis of the corresponding benzaldehyde, benzoic acid 
or aniline derivatives. Therefore, the synthesis of aryldichlorophosphine 13 was 
explored. Arylbromide 13 has previously been synthesized using a Friedel-Crafts 
reaction between PCl3 and bromobenzene, but the desired para substituted product 
could not be seperated from its ortho and meta isomers.[25] A different approach starts 
with monolithiation of dibromobenzene 11, followed by the reaction with 
bis(diethylamino)chlorophosphine to yield the arylphosphorus diamide 12 (Scheme 3). 
Diethylamino phosphane 12 can be converted to dichloride 13 by treatment with PCl3. 
However, the formed Et2NPCl2 reacted with 13 during work-up to generate 
ArPCl(NEt2) that was difficult to separate from the desired product. In a shorter albeit 
less controllable route, compound 13 was obtained by reacting the monolithiated 
analogue of 1,4-dibromobenzene with PCl3. The principal side-product encountered 
was Ar2PCl and compound 13 was obtained by fractional distillation. 

 
 
 
 
 
 
Scheme 3. Reagents and conditions: i. a) n-BuLi, Et2O, –78 °C, b) ClP(NEt2)2, –78 °C, 71 %; ii. PCl3, 
Et2O, 0 °C, 80 %; iii. a) n-BuLi, THF, –78 °C, b) PCl3, THF, –78 °C, 37 %.  
 

Following the same procedure as used for the synthesis of double bridged 
diphosphine 4, aryldichlorophosphine 13 was employed to obtain cyclic bisxantphos 14 
as an air-stable powder. Next, the arylbromides were converted to benzaldehyde 
moieties to allow the elegant and mild introduction of the amino acid fragments via 
reductive amination. In general, arylbromides react with n-BuLi/DMF to give 
benzaldehydes in excellent yields. Lithiation of 14 with n-BuLi/TMEDA in diethyl ether 
at –78 °C generated the dilithio derivative that was quenched with anhydrous DMF to 
afford the bisaldehyde 15 in good yield after acidic work-up (Scheme 4). The addition 
of TMEDA (N,N,N',N'-tetramethylethane-1,2-diamine) was required to prevent 
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decomposition of the dilithiated intermediate. The formyl groups formed could be 
clearly identified by their NMR resonances (1H NMR: δ = 10.05 ppm, 13C {1H} NMR:    
δ = 192.2 ppm). 
 
 
 
 
 
 
 
 
 
Scheme 4. Reagents and conditions: a) n-BuLi, TMEDA, Et2O, –78 °C, b) DMF, –78 °C, c) HCl, 95 %. 

 
Finally, L-phenylalanine methyl ester moieties were introduced via reductive 

amination of bisaldehyde 15 using sodium triacetoxyborohydride[26] giving bisxantphos 
16 (Scheme 5). Unfortunately we were unable to grow crystals suitable for X-ray 
diffraction, but the characterization of 16 was achieved by multinuclear NMR 
spectroscopy. 

 
 
 
 
 
 
 
 
 
Scheme 5. Reagents and conditions: L-Phe-OMe⋅HCl, NaOAc, Na(OAc)3BH, CH2Cl2, 84 %. 

 
In 2005, Mizuta and coworkers reported the X-ray crystal structure of a P-bridged 

[1.1]ferrocenophane.[27] The compound shows structural similarities with the cyclic 
bisxantphos ligand system presented here. Furthermore, phosphorus-bridged 
[1.1]ferrocenophanes are a class of cyclic double bridged diphosphines that allow easy 
structural modulations and can be synthesized in large quantities.[28] Therefore we 
decided to include the ferrocenophane in our studies. Brunner and coworkers 
synthesized the first phosphorus-bridged [1.1]ferrocenophane by the reaction of 1,1’-
dilithioferrocene with (–)-dichloromenthylphosphine in 2 % yield. Single crystal X-ray 
diffraction studies showed the compound to exhibit an anti-conformation.[29] A few 
years later, Mizuta et al. reported that a P-bridged [1.1]ferrocenophane was obtained as 

O
P P

O

15

O
P P

O

14

Br Br
O O

O
P P

O

16

15
NH HN

OMe
O

Ph

MeO
O

Ph



Chapter 3 

72 

a byproduct in photoinduced oligomerization of P-bridged [1]ferrocenophane.[27] 
Interestingly, its anti isomer turned out to isomerize upon heating to the syn isomer. In 
a later study, a tridentate ferrocenylphosphine ligand could be isolated as well.[30]  

Recently, Mizuta presented a stereoselective synthesis route to syn-orientated 
double bridged [1.1]ferrocenophanes having various substituents on the phosphorus 
atoms.[9] The starting material for this route was ferrocene derivative 17, which was 
readily obtained from the reaction of 1,1'-dilithioferrocene with bis(diethylamino)-
chlorophosphine.[31] The reaction of 17 with PCl3 yielded the dichlorinated compound 
18 as a mixture of diastereomers (Scheme 6). The second ferrocene moiety was 
introduced by first reacting compound 18 with two equivalents of sodium 
cyclopentadienide (NaCp) to connect cyclopentadiene fragments to each phosphorus 
atom, followed by deprotonation of these moieties with n-BuLi, and complexation with 
anhydrous FeCl2 to obtain 19 as a mixture of the syn- and anti-stereoisomers.  
 
 
 
 
 
 
 
Scheme 6. Reagents and conditions: i. PCl3, hexanes, 72 %; ii. a) NaCp, THF, –50 °C, b) n-BuLi,           
–50 °C, c) FeCl2, THF, –50 °C, 36 %. 
 

The reaction of a mixture of syn- and anti-19 with HCl in diethyl ether gave PCl-
bridged [1.1]ferrocenophane 20 exclusively in the syn conformation (Scheme 7). The 
anti to syn conversion was attributed to the presence of HCl that not only substitutes 
the NEt2 group by the Cl-atom, but also brings about a facile inversion of R1R2PCl 
compounds.[32] Reaction of syn-20 with phenyllithium yielded the reported 
diphosphine 21.[9] In addition to the previously reported Co, Pd and Ni-complexes,[9,29] 
ligand 21 forms a stable platinum-complex upon treatment with [Pt(cod)Cl2], 
displaying a signal at δ = 13.0 ppm in 31P {1H} NMR spectroscopy. The 1J(Pt,P) coupling 
of 3871 Hz clearly indicates the presence of the chloro ligands trans to phosphorus, i.e. 
the cis-chelation of bidentate 21. 

Derivative 20 is a suitable precursor of P-bridged [1.1]ferrocenophanes bearing 
various substituents on the P-atoms. The reaction of syn-20 with the lithiated analogue 
of 2-(4-bromophenyl)-1,3-dioxolane (5) gave diphosphine 22 that, upon acidic 
hydrolysis of the acetal groups, yielded bisaldehyde 23 (Scheme 7). The 31P {1H} NMR 
spectrum of double bridged diphosphine 23 showed one sharp signal at δ = –28.2 ppm. 
In 13C {1H} NMR spectroscopy, the signal of the ipso-C5H4 carbon atoms was observed 
as a pseudo triplet with 1J(P,C) = 7.2 Hz, as a result of the coupling of the ipso-carbon 
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atom with the two phosphorus atoms, confirming the syn-conformation of the ligand. 
These spectral data indicate that the P-bridged [1.1]ferrocenophanes maintain their 
syn-conformation during the additional chemical manipulations. 
 
 
 
 
 
 
 
Scheme 7. Reagents and conditions: i. HCl, Et2O, –78 °C, 90 %; ii. 21: PhLi, THF, –78 °C, 49 %; 22:    
n-BuLi, 5, THF, –78 °C, 29 % iii. p-TsOH⋅H2O, H2O/THF, 70 °C, 48 %. 
 

Next, two L-valine methyl ester moieties were introduced via reductive amination of 
bisaldehyde 23 using sodium triacetoxyborohydride to give compound 24 as an air-
stable yellow powder (Scheme 8). In a similar fashion, L-leucine derivative 25 was 
synthesized. The characterization of ligands 24 and 25 was achieved by multinuclear 
NMR spectroscopy. In particular, their conformations were readily determined by 13C 
{1H} NMR spectroscopy as mentioned above. For compound 24 for example, the signal 
of the ipso-C5H4 carbon atoms was observed as a pseudo triplet with 1J(P,C) = 6.4 Hz, 
confirming its syn conformation. In the 1H NMR spectrum of 24, the carbonyl peak at 
δ = 9.86 ppm of the aldehyde precursor disappeared and the characteristic double 
doublet of the benzylic protons were found at δ = 3.65 and 3.47 ppm. 

 
 
 
 
 
 
 
 
 
Scheme 8. Reagents and conditions: i. 24: L-Val-OMe⋅HCl, NaOAc, Na(OAc)3BH, CH2Cl2, 93 %; 25:   
L-Leu-OMe⋅HCl, NaOAc, Na(OAc)3BH, CH2Cl2, 91 %. 
 
– Catalysis 
We explored the behaviour of the new cyclic double bridged diphosphine ligands in 
various catalytic reactions. The achiral diphosphines 4 and 21 were evaluated as ligands 
in the rhodium-catalyzed hydroformylation of 1-octene at 80 °C under 20 bar of syngas 
(CO/H2 = 1). The results and reaction conditions are summarized in Table 2. The well-
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defined pocket-shaped ligands were believed to affect the stereoselective outcome of the 
reaction. From previous studies, the wide bite angle Xantphos ligand was shown to 
yield high regioselectivity towards the linear aldehyde in this reaction.[33] Cyclic 
bisxantphos 4 displayed low activity and, in addition, a high percentage of isomerized 
alkenes was formed (Entry 2).  

A catalyst system that mainly displays isomerization activity and no 
hydroformylation is unusual. Recent studies showed that although the overall rate of 
hydroformylation is limited by the rate of hydride migration, both CO dissociation and 
alkene coordination contribute to the overall barrier.[34] In order to form octene 
isomers, β-hydrogen elimination should be favored over CO association and alkyl 
migration (migratory insertion of CO). The reason why 4 displays such a high 
isomerization activity relative to Xantphos is not clear. A possible explanation is that 
the very wide bite angle of bisxantphos 4 destabilizes the five-coordinated 
intermediates and reduce back donation to CO. After alkene insertion, coordination of 
CO is then slow relative to β-hydrogen elimination and as a result the formation of 
octene isomers is enhanced. Previous studies on the bite angle effect on the 
hydroformylation of internal alkenes showed that it is more favorable for complexes 
with wide bite angle ligands to undergo β-hydrogen elimination than CO 
association.[35] 
 
Table 2. Rhodium-catalyzed hydroformylation of 1-octene A.[a] 

 
 
 

Entry ligand conv. (%) [b] TOF [c] l/b [d] % linear isomers (%) [e] 
1 Xantphos 38 182 45.1 93 4 
2 4 3 12 3.5 61 22 
3 dppf 99 491 2.6 72 1 
4 21 50 239 2.4 67 4 

[a] Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1.0 mM, ligand/Rh = 5, substrate/Rh = 1000, T = 80 
°C, p = 20 bar, CO/H2 = 1, t = 1 h, 0.5 mL toluene. [b] Percentage conversion of 1-octene to aldehydes 
and isomers, determined by GC. [c] Turnover frequency (TOF) = (mol aldehyde)(mol Rh)–1h–1. [d] 
Ratio linear to branched aldehyde, determined by GC. [e] Percentage isomerization determined by 
GC. Ligand abbreviations: Xantphos = 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene, dppf = 
1,1'-bis(diphenylphosphino)ferrocene. 

 
Phosphorus-bridged [1.1]ferrocenophane 21 was less active compared to its acylic 

analogue dppf, displaying a turnover frequency of 239. The observed linear to branched 
ratio of 2.4 with ligand 21 is slightly lower than that obtained with dppf. The formation 
of the desired catalyic complex needs to be studied in order to obtain insight in the 

A
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behaviour of bisxantphos 4. Whereas the formation of the desired catalyst is almost 
instantaneously with Xantphos, for other ligands incubation times are often required. 
An alternative explanantion for the large amounts of octene isomers formed with 
ligand 4 might be that catalyst formation is incomplete and that small amounts of 
[Rh(acac)(CO)2] are present in solution that can be converted to unmodified rhodium 
carbonyl complexes:[36] these rhodium carbonyl complexes are good isomerization 
catalysts.[37] 

The major challenges in the development of bioinspired synthetic catalysts are in 
the field of important asymmetric transformations like carbon-carbon and carbon-
heteroatom bond forming reactions. Our group recently reported the use of 
nucleosides and oligonucleotides functionalized with phosphine moieties as ligands in 
Pd-catalyzed substitution reactions.[38] Secondary interactions (such as hydrogen 
bonding) were believed to determine the transfer of chirality from the peripheral sugar 
moieties to the phosphine as both the solvent and the substituent of the ribose 
influenced the stereoselectivity of the reaction. The chiral P-bridged 
[1.1]ferrocenophanes 24 and 25 were examined for enantioselectivity in the palladium-
catalyzed substitution reaction of (E)-1,3-diphenylprop-2-ene-1-yl acetate (B) with 
benzylamine (C). The reaction conditions and results are summarized in Table 3.  
 
Table 3. Palladium-catalyzed allylic amination of 1,3-diphenylallyl acetate B.[a] 

 
 
 
 

entry Ligand solvent conv. (%) [b] ee (%) [c] 
1 dppf CH2Cl2 > 99 - 
2 21 CH2Cl2 44 - 
3 24 CH2Cl2 19 10.3 (S) 
4 24 THF 5 2.8 (S) 
5 25 CH2Cl2 10 5.7 (S) 
6 25 THF 3 1.2 (S) 

[a] Reaction conditions: [Pd] = 2.0 mM, B/C/[Pd(η3-C3H5)Cl]2/ligand = 100/300/0.5/1.0, t = 16 h,       
2 mL solvent. [b] Percentage conversion of acetate B, determined by GC. [c] Enantiomeric excess of 
product D, determined by chiral HPLC (absolute configuration drawn in parenthesis). 
 

The palladium catalysts which were prepared in situ by mixing the P-bridged 
[1.1]ferrocenophanes and [Pd(η3-C3H5)Cl]2, were active in the amination reaction. 
However, whereas dppf gave full conversion of allyl acetate B after 16 h, its cyclic 
analogue 21 only gave 44 % (Entries 1 and 2). The more sterically demanding amino 
acid-functionalized ligands 24 and 25 showed even lower conversions. The steric bulk 
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of the diphosphine ligands might block substrate coordination to the palladium center 
or hinder the clockwise or anticlockwise rotation of the coordinated allyl moiety upon 
nucleophilic attack.[39] Building on this assumption, the use of the smaller 1,3-
dimethylallyl acetate as substrate is an option for future experiments. 

Chiral ligands 24 and 25 as catalyst components induced poor enantioselectivities 
(up to 10 %). Nevertheless, the observed chiral induction is startling since the chiral 
centers on the molecule are situated at the substrate side of the catalytic metal center. 
Another remarkable result is the solvent effect on the reaction as it drastrically affects 
the conversion as well as the enantioselectivity of product D. Whilst the reaction 
employing ligand 24 in methylene chloride (CH2Cl2) gives 10 % ee in favour of the S 
enantiomer, we obtained only 5 % conversion and 3 % ee in tetrahydrofuran (THF) 
using the same catalyst system.  
 
 
Conclusions  
 
In summary, we have described a stereoselective route to cyclic double bridged 
diphosphine ligands based on two xanthene backbones. Double bridged cyclic 
diphosphines in which the two phosphorus lone pairs are cis oriented are useful 
chelates in transition metal catalysts. The reaction of dilithio-xanthene with 
dichlorophenylphosphine gave cyclic bisxantphos (4) as a single stereoisomer. X-ray 
crystal structure determination revealed that the phosphorus bridging groups are 
arranged in a syn-disposition. The route is flexible in the choice of 
aryldichlorophosphine and should permit a range of substituents to be introduced on 
the phosphorus atoms. The ligand displays trans-coordination upon complexation to 
[Pt(cod)Cl2]. The new bisxantphos ligand together with the structural related P-bridged 
[1.1]ferrocenophane were modified with amino acid fragments on the third substituent 
of the phosphorus atoms in order to create a chiral enzyme-like pocket upon 
coordination of the ligands to a metal center. 

Cyclic bisxantphos 4 showed a low activity and regioselectivity in the 
hydroformylation of 1-octene and a high percentage of octene isomers was formed 
during the reaction. The chiral P-bridged [1.1]ferrocenophanes 24 and 25 were both 
active in the Pd-catalyzed allylic amination of 1,3-diphenylallyl acetate displaying 
enantioselectivities of up to 10 %. Despite the low enantiomeric excesses obtained in 
this reaction, the observed chiral induction is unusual since the stereogenic centers on 
the ligands are not situated close to the metal center (as is usually the case in chiral 
transition metal catalysts), but rather at the substrate side of the catalytic metal center.  
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Experimental Section 
 
General remarks. Unless stated otherwise, reactions were carried out under an atmosphere of argon 
using standard Schlenk techniques. THF, diethyl ether and hexanes were distilled from 
sodium/benzophenone. Tertiary amines, CH2Cl2 and methanol were distilled from CaH2 and toluene 
was distilled from sodium. Deuterated solvents were distilled from the appropriate drying agents. 
Unless stated otherwise, all chemicals were obtained from commercial suppliers and used as received. 
The synthesis of 2-(4-bromophenyl)-1,3-dioxolane (5) is described in Chapter 2. (E)-1,3-
diphenylprop-2-ene-1-yl acetate was synthesized according a published procedure.[40] Optical 
rotations were measured on a Perkin-Elmer 241 polarimeter. NMR spectra were recorded on a Varian 
Mercury 300, a Varian Inova 500 or a Bruker Avance DRX-300 spectrometer. Chemical shifts are 
reported in ppm and are given relative to tetramethylsilane (1H, 13C) and 85% H3PO4 (31P). Standard 
infrared spectra were recorded on a Nicolet Nexus 670 FT-IR spectrophotometer. High Resolution 
Mass Spectra were recorded at the Department of Mass Spectrometry at the University of Amsterdam 
using Fast Atom Bombardment (FAB) ionization on a JOEL JMS SX/SX102A four-sector mass 
spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Samples were loaded in a 
matrix solution (3-nitrobenzyl alcohol) on to a stainless steel probe and bombarded with xenon atoms 
with an energy of 3KeV. Elemental analyses were carried out by Kolbe Mikroanalytisch Labor, 
Mülheim an der Ruhr (Germany).  
 
Cyclic bisxantphos 4: To a solution of 4,5-dibromo-2,7-di-tert-butyl-9,9-dimethylxanthene (2.50 g, 
5.2 mmol) in diethyl ether (36.4 mL) was added dropwise t-BuLi (1.5 M in pentane, 13.6 mL, 20.8 
mmol) at –78 °C. The reaction mixture was allowed to reach room temperature overnight. The 
resulting yellow solution was transferred into a 50 mL gastight glass syringe. A second syringe was 
filled with a solution of dichlorophenylphosphine (0.93 g, 5.2 mmol) in diethyl ether (50 mL). Both 
solutions were added simultaneously to a flask charged with diethyl ether (50 mL) using a syringe 
pump with 0.2 mL.min–1. After the addition was completed, the reaction mixture was allowed to stir 
for another 2 h. The mixture was washed with water (100 mL) and the organic phase was dried over 
MgSO4 and concentrated under reduced pressure. The residue was dissolved in CH2Cl2 and purified 
by circular column chromatography[11] (20 % CH2Cl2 in hexanes). Finally, recrystallization from 
CH2Cl2/MeOH yielded 4 as a white powder (0.22 g, 10 %). 1H NMR (300 MHz, CD2Cl2): δ = 7.50-7.46 
(m, 8H, H-arom), 7.32-7.27 (m, 10H, H-arom), 1.73 (s, 6H, CH3), 1.52 (s, 6H, CH3), 1.19 (s, 36H, 
C(CH3)3); 13C {1H} NMR (75 MHz, CD2Cl2): δ = 151.7 (t, J = 23.3 Hz, CO), 145.3 (C-2, C-7), 138,6 (t, J 
= 12.1 Hz, PC), 132.0 (t, J = 15.7 Hz, PCCH), 139.5 (t, J = 4.0 Hz, PCCHCH), 127.8 (CC-9), 127.3 (C-
3, C-6), 126.3 (CH), 125.3 (t, J = 12.8 Hz, C-4, C-5), 123.1 (C-1, C-8), 34.9 (C-9), 34.2 (C-9(CH3)2), 
34.0 (C(CH3)3), 30.8 (C(CH3)3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –37.90; HRMS (FAB+): m/z 
calcd. for C58H67O2P2 (M+H+): 857.4616; found: 857.4622. 
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X-ray Crystal Structure Determination of 4. 
Crystals of 4 suitable for X-ray diffraction were grown by slow diffusion of methanol into a solution of 
compound 4 in methylene chloride. C58H66O2P2 · CH2Cl2 + disordered solvent, Fw = 941.97[*], 
colourless block, 0.50 x 0.50 x 0.30 mm3, orthorhombic, Cmc21 (no. 36), a = 19.4478(2), b = 
18.7047(1), c = 16.9358(1) Å, V = 6160.66(8) Å3, Z = 4, Dx = 1.016 g/cm3[*], μ = 0.19 mm-1[*]. 57324 
Reflections were measured on a Nonius Kappa CCD diffractometer with rotating anode (graphite 
monochromator, λ = 0.71073 Å) up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 
150(2) K. Intensity integration was performed with EvalCCD.[41] The SADABS[42] program was used 
for absorption correction and scaling based on multiple measured reflections (0.83-0.94 transmission 
range). After merging the Friedel pairs, 3768 Reflections were unique (Rint = 0.0365), of which 3240 
were observed [I>2σ(I)]. The structure was solved with Direct Methods using the program SHELXS-
97.[43] The structure was refined with SHELXL-97[43] against F2 of all reflections. The crystal structure 
contained solvent accessible voids (1269 Å3 / unit cell) filled with disordered solvent molecules. Their 
contribution to the structure factors was secured by back-Fourier transformation using the SQUEEZE 
routine of the program PLATON,[44] resulting in 411 e- / unit cell. Non hydrogen atoms were refined 
with anisotropic displacement parameters. All hydrogen atoms were introduced in calculated 
positions and refined with a riding model. 315 Parameters were refined with one restraint. R1/wR2 [I 
> 2σ(I)]: 0.0420 / 0.1133. R1/wR2 [all refl.]: 0.0509 / 0.1174. S = 1.047. Residual electron density 
between -0.24 and 0.40 e/Å3. Geometry calculations and checking for higher symmetry was performed 
with the PLATON  program.[44] [*] derived quantities do not contain the contribution of the 
disordered solvent. 
 
[(4)PdCl2]: Ligand 4 (10.0 mg, 11.7 μmol) and [Pd(cod)Cl2] (3.7 mg, 11.7 μmol) were placed in a 
Schlenk flask. Methylene chloride (2 mL) was added and the reaction mixture was stirred overnight at 
room temperature. The solvent was removed under reduced pressure. The resulting yellow powder 
was washed with diethyl ether and dried in vacuo (11.6 mg, 96 %). 1H NMR (500 MHz, CD2Cl2): δ = 
7.85 (m, 4H, H-arom), 7.52-7.48 (m, 10H, H-arom), 7.32 (m, 4H, H-arom), 1.75 (s, 6H, CH3), 1.45 (s, 
6H, CH3), 1.19 (s, 36H, C(CH3)3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 154.0 (t, J = 7.7 Hz), 147.2 (t, 
J = 5.7 Hz), 135,8 (t, J = 5.0 Hz), 135.0 (t, J = 9.3 Hz), 129.9, 128.0, 127.2 (t, J = 11.3 Hz), 124.4, 37.9, 
35.0, 31.2, 31.1, 28.2, 27.3, 26.7; 31P {1H} NMR (202 MHz, CD2Cl2): δ = –14.48; HRMS (FAB+): m/z 
calcd. for C58H66O2P2Pd (M–Cl2): 962.3593; found: 962.3599. 
 
[(4)PtCl2]: Ligand 4 (10.0 mg, 11.7 μmol) and [(PhCN)2PtCl2] (5.5 mg, 11.7 μmol) were placed in a 
Schlenk flask. Acetonitrile (2 mL) was added and the reaction mixture was stirred overnight at room 
temperature. The solvent was removed under reduced pressure. The resulting white solid was washed 
with hexanes and dried in vacuo (12.5 mg, 95 %). 1H NMR (500 MHz, CD2Cl2): δ = 7.52-7.48 (m, 8H, 
H-arom), 7.32 (m, 8H, H-arom), 1.73 (s, 6H, CH3), 1.50 (s, 6H, CH3), 1.18 (s, 36H, C(CH3)3); 13C {1H} 
NMR (125 MHz, CD2Cl2): δ = 152.3 (t, J = 24.3 Hz), 145.9, 139,3 (t, J = 12.2 Hz), 132.6 (t, J = 16.1 Hz), 
130.2 (t, J = 4.0 Hz), 129.8, 127.8, 126.9, 125.9 (dd, J = 12.7 Hz, J = 9.3 Hz), 123.7, 35.5, 34.8, 34.6, 31.3, 
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28.1; 31P {1H} NMR (202 MHz, CD2Cl2): δ = –23.56 (1JPt-P = 1781 Hz); HRMS (FAB+): m/z calcd. for 
C58H66O2P2Pt (M–Cl2): 1051.4191; found: 1051.4216.  
 
In situ preparation of [(4)Pd(η3-C3H5)]Cl: Ligand 4 (10.0 mg, 11.7 μmol) and [Pd(η3-C3H5)Cl]2 (2.2 
mg, 5.9 μmol) were placed in a Schlenk flask. CD2Cl2 (1 mL) was added and the mixture was stirred 
for 1 h before analyzed by NMR spectroscopy. 1H NMR (300 MHz, CD2Cl2): δ = 7.56-7.49 (m, 10H, 
H-arom), 7.22-7.18 (m, 8H, H-arom), 5.56 (m, 1H, Hmeso), 3.23 (m, 2H), 2.90 (m, 2H), 1.66 (s, 6H, 
CH3), 1.57 (s, 6H, CH3), 1.17 (s, 36H, C(CH3)3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –21.22. 
 
In situ preparation of [(4)Pd(η3-C3H5)]OTf: Ligand 4 (10.0 mg, 11.7 μmol) and [Pd(η3-C3H5)Cl]2 
(2.2 mg, 5.9 μmol) were placed in a Schlenk flask. CD2Cl2 (1 mL) was added and the reaction mixture 
was stirred for 1 h. Next AgOTf (2.8 mg, 11 μmol) was added and the mixture was filtered before 
analyzed by NMR spectroscopy. 1H NMR (300 MHz, CD2Cl2): δ = 7.58-7.50 (m, 10H, H-arom), 7.33-
7.17 (m, 8H, H-arom), 5.51 (m, 1H, Hmeso), 3.23 (m, 2H), 2.90 (m, 2H), 1.69 (s, 3H, CH3), 1.67 (s, 3H, 
CH3), 1.64 (s, 3H, CH3), 1.54 (s, 6H, CH3), 1.19 (s, 18H, C(CH3)3), 1.18 (s, 18H, C(CH3)3; 31P {1H} 
NMR (121 MHz, CD2Cl2): δ = –21.22. 
 
Bis(diethylamino)chlorophosphine (A): This compound was prepared according to a literature 
procedure.[45] To a solution of freshly distilled PCl3 (41.9 mL, 0.48 mol) in diethyl ether (800 mL) was 
added dropwise diethylamine (200.6 mL, 1.92 mol) over 2 h at 0 °C. After stirring for an additional 16 
h at room temperature, the reaction mixture was filtered. The filtrate was concentrated under reduced 
pressure after which distillation (60 °C, 0.2 mbar) afforded A (78.5 g, 78 %) as a colourless liquid. 1H 
NMR (300 MHz, C6D6): δ = 3.12-2.96 (m, 8H, CH2), 0.98 (t, J = 7.1 Hz, 12H, CH3); 13C {1H} NMR (75 
MHz, C6D6): δ = 41.1 (d, J = 18.3 Hz, CH2), 14.6 (CH3); 31P {1H} NMR (121 MHz, C6D6): δ = 154.39. 
 
4-(1,3-Dioxolan)phenyl-bis(diethylamino)phosphine (6): To activated Mg turnings (6.8 g, 280 
mmol) in THF (20 mL) was added a solution of compound 5 (32.1 g, 140 mmol) in THF (80 mL) over 
a period of 2 h. After stirring for an additional 1 h, the mixture was added to a solution of (NEt2)2PCl 
(29.5 g, 140 mmol) in THF (75 mL) at –50 °C. The reaction mixture was allowed to warm to room 
temperature over a 16 h period. The mixture was filtered and the filtrate was concentrated in vacuo. 
The residue was washed with hexanes (50 mL) and purified by flash column chromatography (basic 
alumina, 10 % ethyl acetate in light petroleum) to afford 6 (22.3 g, 49 %) as a colourless liquid. 1H 
NMR (300 MHz, C6D6): δ = 7.68 (m, 4H, H-arom), 5.84 (s, 1H, OCHO), 3.67-3.51 (m, 4H, H-
dioxolan), 3.08-3.02 (m, 8H, CH2), 1.05 (t, J = 6.9 Hz, 12H, CH3); 31P {1H} NMR (121 MHz, C6D6): δ = 
98.57. 
 
4-(1,3-Dioxolan)phenyl-dichlorophosphine (7): To a solution of 6 (6.31 g, 19.5 mmol) in diethyl 
ether (25 mL) was added dropwise PCl3 (10.7 mL, 78.0 mmol) at 0 °C. After stirring for 2 h, solvent 
and excess PCl3 were removed under reduced pressure. The residue was co-evaporated with toluene (5 
× 20 mL) to remove the formed Cl2PNEt2 to obtain 7 (4.90 g, 99 %) as a colourless liquid. 1H NMR 
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(300 MHz, C6D6): δ = 7.90 (m, 2H, H-arom), 7.63 (m, 2H, H-arom), 5.86 (s, 1H, OCHO), 4.11-4.03 
(m, 4H, H-dioxolan); 31P {1H} NMR (121 MHz, C6D6): δ = 160.25. 
 
N,N-Diallyl-4-bromoaniline (8): A mixture of 4-bromoaniline (5.0 g, 29.1 mmol), allylbromide (7.7 
g, 63.9 mmol), K2CO3 (9.6 g, 69.8 mmol) and toluene (150 mL) was refluxed for 24 h. After cooling to 
room temperature, the reaction mixture was carefully quenced with 5 % aqueous HCl (100 mL). The 
aqueous layer was extracted with diethyl ether (3 × 30 mL). The combined organic layers were washed 
with aqueous Na2CO3 (30 mL), dried over MgSO4 and concentrated under reduced pressure. Silica gel 
column chromatography (2 % ethyl acetate in light petroleum) afforded 8 (5.0 g, 69 %). 1H NMR (300 
MHz, CDCl3): δ = 7.25 (d, J = 9.3 Hz, 2H, H-arom), 6.56 (d, J = 9.0 Hz, 2H, H-arom), 5.53 (m, 2H, 
CH), 5.15 (m, 4H, CH2), 3.89 (m, 4H, CH2); 13C {1H} NMR (75 MHz, CDCl3): δ = 147.9 (CN), 133.7 
(CH), 131.9 (CH), 116.4 (CH), 114.2 (CH), 108.3 (CBr), 53.1 (CH2). 
 
4-(N,N-Diallylamino)phenyl-bis(diethylamino)phosphine (9): A solution of compound 8 (5.0 g, 
20.0 mmol) in diethyl ether (80 mL) was cooled to 0 °C. n-Butyllithium (2.5 M, 8.8 mL, 22.0 mmol) 
was slowly added and the reaction was allowed to stir for 2 h at room temperature. Next, a solution of 
bis(diethylamino)chlorophosphine A (4.2 g, 20 mmol) in diethyl ether (20 mL) was added at 0 °C. The 
reaction mixture was allowed to stir for 4 h at room temperatue. The mixture was filtered and the 
filtrate was concentrated in vacuo. The residue was purified by flash column chromatography (basic 
alumina, light petroleum) to afford 9 (3.8 g, 55 %) as a colourless liquid. 1H NMR (300 MHz, CDCl3): 
δ = 7.29-7.22 (m, 2H, H-arom), 6.75-6.73 (m, 2H, H-arom), 5.75 (m, 2H, CH), 5.13 (m, 4H, CH2), 
3.92 (m, 4H, CH2), 3.11-3.07 (m, 8H, CH2), 1.09 (t, J = 6.5 Hz, 12H, CH3); 31P {1H} NMR (121 MHz, 
CDCl3): δ = 98.64. 
 
4-(N,N-Diallylamino)phenyl-dichlorophosphine (10): To a solution of 9 (3.51 g, 10.1 mmol) in 
diethyl ether (25 mL) was added dropwise PCl3 (3.5 mL, 40.3 mmol) at 0 °C. After stirring for 2 h, 
solvent and excess PCl3 were removed under reduced pressure. The residue was co-evaporated with 
toluene (5 × 20 mL) to remove the formed dichloro-diethylaminophosphine to obtain 10 (2.76 g, 99 
%) as a colourless liquid. 1H NMR (300 MHz, CD2Cl2): δ = 7.72 (m, 2H, H-arom), 6.74 (m, 2H, H-
arom), 5.83 (m, 2H, CH), 5.18 (m, 4H, CH2), 3.97 (m, 4H, CH2); 31P {1H} NMR (121 MHz, CD2Cl2): δ 
= 164.71. 
 
4-Bromophenyl-bis(diethylamino)phosphine (12): To a solution of 1,4-dibromobenzene 11 (11.8 g, 
50.0 mmol) in diethyl ether (125 mL) was added dropwise n-BuLi (2.5 M in hexanes, 20.0 mL, 50.0 
mmol) at –78 °C. After stirring for 1 h at that temperature, bis(diethylamino)chlorophosphine A (10.5 
g, 50.0 mmol) was added and the solution was allowed to warm to room temperature over a 16 h 
period. The reaction mixture was filtered and the filtrate was concentrated in vacuo. Flash column 
chromatography (neutral Al2O3, light petroleum) afforded 12 (11.7 g, 71 %) as a white solid. 1H NMR 
(500 MHz, C6D6): δ = 7.37-7.35 (m, 2H, H-arom), 7.27-7.24 (m, 2H, H-arom), 2.97-2.90 (m, 8H, 
CH2), 0.97 (t, J = 7.1 Hz, 12H, CH3); 13C {1H} NMR (125 MHz, C6D6): δ = 133.5 (d, J = 16.5 Hz, CH), 
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132.0 (d, J = 2.9 Hz, CH), 122.4 (CP), 121.5 (CBr), 43.4 (d, J = 17.2 Hz, CH2), 15.1 (d, J = 3.5 Hz, CH3); 
31P {1H} NMR (121 MHz, C6D6): δ = 96.59; HRMS (FAB+): m/z calcd. for C14H25N2PBr (M+H+): 
331.0939; found: 331.0945.  
 
(4-Bromophenyl)dichlorophosphine (13): A solution of 1,4-dibromobenzene (14.2 g, 60.0 mmol) in 
200 mL of THF was cooled to –78 °C. n-BuLi (2.5 M in hexanes, 24.0 mL, 60.0 mmol) was added 
dropwise and the reaction mixture was stirred for 1 h keeping the temperature at –78 °C. The 
resulting white, cloudy solution was added via a cannula to a solution of PCl3 (32.9 g, 240 mmol) in 
THF (50 mL) at –78 °C. The reaction mixture was allowed to warm to room temperature and stirred 
for 16 h. The precipitation was filtered off and solvent and excess PCl3 were removed under reduced 
pressure. Purification by fractional distillation (135-140 °C, 14 mbar) yielded 13 (5.83 g, 37 %) as a 
colourless liquid. 1H NMR (500 MHz, CDCl3): 7.76-7.71 (m, 2H, H-arom), 7.64-7.61 (m, 2H, H-
arom); 13C {1H} NMR (125 MHz, C6D6): δ = 139.7 (d, J = 53.5 Hz, CP), 133.6 (CH), 132.5 (d, J = 7.9 
Hz, CH), 132.0 (d, J = 32.1 Hz, CH), 121.5 (CBr); 31P {1H} NMR (121 MHz, CDCl3): δ = 158.59.  
 
Cyclic bisxantphos 14: Following the procedure as described for the synthesis of compound 4, 
bisxantphos 14 was obtained starting from xanthene 1 (2.50 g, 5.2 mmol) and dichlorophosphine 13 
(1.34 g, 5.2 mmol) in 10 % yield (0.26 g) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 7.47-7.43 
(m, 8H, H-arom), 7.35-7.33 (m, 8H, H-arom), 1.74 (s, 6H, CH3), 1.53 (s, 6H, CH3), 1.21 (s, 36H, 
C(CH3)3); 13C {1H} NMR (125 MHz, CDCl3): δ = 152.6 (t, J = 24.8 Hz, CO), 146.0 (C-2, C-7), 138.6 
(dd, J = 7.5 Hz, J = 5.0 Hz, PC), 134.5 (t, J = 16.1 Hz, PCCH), 130.8 (PCCHCH), 130.3 (CC-9), 129.7 
(C-3, C-6), 125.6 (t, J = 19.6 Hz, C-4, C-5), 123.7 (C-1, C-8), 121.23 (CBr), 35.6 (C-9), 34.9 (C-
9(CH3)2), 34.8 (C(CH3)3), 31.7 (C(CH3)3); 31P {1H} NMR (121 MHz, CDCl3): δ = –37.15; IR (KBr, cm–

1): 2962 (m), 2928 (w), 2867 (w), 1572 (w), 1477 (m), 1428 (s), 1363 (m), 1263 (s), 1109 (m), 1009 (s), 
812 (s), 721 (m); HRMS (FAB+): m/z calcd. for C59H65Br2O2P2 (M+H+): 1015.2815; found: 1015.2813; 
anal. calcd. for C58H64Br2O2P2: C 68.64, H 6.36; found: C 68.39, H 6.45. 
 
Cyclic bisxantphos 15: At –78 °C, n-butyllithium (2.5 M in hexanes, 0.8 mL, 2.0 mmol) was added 
dropwise to a stirred solution of 14 (0.23 g, 0.2 mmol) and TMEDA (0.3 mL, 2.0 mmol) in diethyl 
ether (10 mL). The reaction mixture was stirred for 30 min at –78 °C. Then, DMF (0.15 mL, 2.0 
mmol) was added and the reaction mixture was stirred for another 30 min allowing to warm to room 
temperature. The solution was washed with 2 M aqueous HCl (10 mL). The organic layer was dried 
over MgSO4 and concentrated under reduced pressure. Purification by silica gel column 
chromatography (10 % ethyl acetate in light petroleum) yielded 15 (0.17 g, 95 %) as a white powder. 
1H NMR (CD2Cl2): δ = 10.05 (s, 2H, CHO), 7.86-7.85 (m, 4H, H-arom), 7.71-7.69 (m, 4H, H-arom), 
7.49-7.48 (m, 4H, H-arom), 7.45-7.44 (m, 4H, H-arom), 1.76 (s, 6H, CH3), 1.58 (s, 6H, CH3), 1.24 (s, 
36H, C(CH3)3); 13C {1H} NMR (CD2Cl2): δ = 192.2 (CHO), 152.2 (t, J = 24.1 Hz, CO), 149.1 (t, J = 15.0 
Hz, PC), 146.5 (C-2, C-7), 135.2 (PCCHCHC), 132.9 (t, J = 16.2 Hz, PCCH), 130.3 (CC-9), 129.7 (C-3, 
C-6), 128.7 (PCCHCH), 124.9 (t, J = 18.9 Hz, C-4, C-5), 124.3 (C-1, C-8), 35.6 (C-9), 34.9 (C-
9(CH3)2), 34.8 (C(CH3)3), 31.3 (C(CH3)3); 31P {1H} NMR (CDCl3): δ = –34.71; IR (KBr, cm–1): 2963 
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(m), 2928 (w), 2862 (w), 1703 (s), 1593 (s), 1560 (m), 1428 (s), 1263 (s), 1102 (m), 816 (s); HRMS 
(FAB+): m/z calcd. for C60H67O4P2 (M+H+): 913.4515; found: 913.4490; anal. calcd. for C60H66O4P2: C 
78.92, H 7.29; found: C 78.62, H 7.61. 
 
Cyclic bisxanthpos (16): A mixture of L-phenylalanine methyl ester hydrochloride (8.6 mg, 0.04 
mmol) and bisaldehyde 15 (18.3 mg, 0.02 mmol) in methylene chloride (2 mL) was treated with 
sodium acetate (6.6 mg, 0.08 mmol). After stirring for 3 h at room temperature, the reaction mixture 
was cooled to 0 °C and sodium triacetoxyborohydride (17.0 mg, 0.08 mmol) was added. The 
suspension was warmed to room temperature and stirred for another 3 h. Brine (3 mL) was added, 
and the mixture was extracted with CH2Cl2 (2 × 3 mL). The combined organic layer was dried over 
Na2SO4 and concentrated under reduced pressure. Purification by silica gel column chromatography 
(30 % EtOAc in light petroleum) yielded 16 (20.8 mg, 84 %) as a white powder. [ ]20

Da = –12.1 ° (c 1.0, 
CHCl3); 1H NMR (300 MHz, CDCl3): δ = 7.47-7.43 (m, 8H, H-arom), 7.39-7.18 (m, 18H, H-arom), 
3.85 (d, J = 15.0 Hz, 2H, CH2), 3.67 (s, 6H, OCH3), 3.66 (d, J = 14.0 Hz, 2H, CH2), 3.57 (m, 2H, Hα), 
2.99 (m, 4H, Hβ), 1.72 (s, 6H, CH3), 1.52 (s, 6H, CH3), 1.20 (s, 36H, C(CH3)3); 13C {1H} NMR (125 
MHz, CDCl3): δ = 176.6 (C=O), 152.6 (t, J = 24.8 Hz, CO), 142.8 (t, J = 15.1 Hz, Cq), 146.0 (C-2, C-7), 
139.7 (d, J = 3.6 Hz, Cq), 138.6 (dd, J = 7.5 Hz, J = 5.0 Hz, PC), 136.0 (Cq), 135.1 (CH), 130.2 (CH), 
131.9 (t, J = 21.1 Hz, CH), 134.5 (t, J = 16.1 Hz, PCCH), 130.8 (PCCHCH), 130.3 (CC-9), 129.7 (C-3, 
C-6), 128.1 (CH), 125.6 (t, J = 19.6 Hz, C-4, C-5), 123.7 (C-1, C-8), 121.23 (CBr), 59.6 (Cα), 52.5 
(CH2), 51.8 (OCH3), 43.0 (Cβ), 35.6 (C-9), 34.9 (C-9(CH3)2), 34.8 (C(CH3)3), 31.7 (C(CH3)3); 31P {1H} 
NMR (202 MHz, CDCl3): δ = –36.95; HRMS (FAB+): m/z calcd. for C80H93N2O6P2 (M+H+): 
1239.6509; found: 1239.6434. 
 
1,1'-Bis[bis(diethylamino)phosphino]ferrocene (17): This compound was prepared according to a 
literature procedure.[31] To a suspension of ferrocene (21.1 g, 114 mmol) in diethyl ether (350 mL) was 
added n-butyllithium (2.5 M in hexanes, 100 mL, 250 mmol). The solution was cooled to 0 °C and 
TMEDA (37.7 mL, 250 mmol) was added dropwise. The reaction mixture was allowed to stir at room 
temperature for 16 h, during which time orange crystals were observed to be formed. The 1,1'-
dilithioferrocene was collected by filtration, washed with Et2O and dried in vacuo. The dilithiated 
ferrocene was suspended in THF (200 mL) and treated under cooling (–78 °C) with 
bis(diethylamino)-chlorophosphine (52.5 mL, 250 mmol) in 100 mL of THF. The mixture was stirred 
for 2 h at room temperature after which the solvent was removed under reduced pressure. The residue 
was purified by flash column chromatography over basic alumina (10 % ethyl acetate in light 
petroleum) to give 17 in 68 % yield (41.4 g) as a red oil. 1H NMR (300 MHz, CDCl3): δ = 4.20-4.11 (m, 
8H, fc), 3.01-2.95 (m, 16H, CH2), 1.00 (t, J = 6.9 Hz, 24H, CH3); 31P {1H} NMR (121 MHz, CDCl3): δ = 
91.60.  
 
1,1’-Bis(diethylaminochlorophosphino)ferrocene (18): This compound was prepared according to a 
literature procedure.[9] To a solution of 17 (41.43 g, 77.6 mmol) in hexanes (200 mL) was added PCl3 
(13.5 mL, 155.2 mmol) dropwise. After the solution was stirred overnight, the solvent was removed 
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and the slurry was washed with cold hexanes to remove phosphorus byproducts. The residue was 
extracted with hot hexanes and dried in vacuo to give 18 as a mixture of diastereomers as a yellow 
powder (21.22 g, 72 %). 31P {1H} NMR (121 MHz, C6D6): δ = 136.9, 136.6.  
 
Sodium cyclopentadienide: This compound was prepared according to a literature procedure.[46] 
Sodium (10.0 g, 0.43 mol), freshly cut, was added to 400 mL of dicylcopentadiene at room 
temperature. On heating, the solution turned blue. Before the sodium was completely molten the 
solution slowly discolored. The mixture was heated for 6 h at 160 °C. On heating, a white solid 
precipitated. When the alkali metal is quantitatively consumed, the dihydrogen evolution stopped. To 
ensure a quantitative conversion, the heating was continued for another 30 min after the dihydrogen 
evolution ended. The reaction mixture was filtered, and the white residue washed with n-pentane (3 × 
50 mL) and dried in vacuo to give NaCp as a white powder (37.5 g, 99 %). 1H NMR (300 MHz, d8-
THF): δ = 5.67 (s, 5H); 13C {1H} NMR (75 MHz, d8-THF): δ = 103.5.  
 
exo,exo-1,12-Bis(diethylamino)-1,12-diphospha[1.1]ferrocenophane, anti- and syn-(19): This 
compound was prepared according to a literature procedure.[9] To a suspension of 18 (8.32 g, 18.0 
mmol) in THF (40 mL) was added dropwise 40 mL of a THF solution of NaCp (3.19 g, 36.2 mmol) at 
–50 °C. After stirring for 30 min, the solution became homogeneous and then n-BuLi (2.5 M in 
hexanes, 14.4 mL, 36.0 mmol) was added dropwise. The mixture was stirred for 30 min and then 
added dropwise to a suspension of FeCl2 (2.40 g, 18.9 mmol) in THF (80 mL) at –50 °C. After stirring 
overnight, the solvent was removed in vacuo and the residue was extracted with hot hexanes. The 
solvent was removed in vacuo and then washed with cold hexanes to give 19 as a yellow powder (3.72 
g, 36 %) as a mixture of regioisomers. 31P {1H} NMR (121 MHz, C6D6): δ = 43.8 , 41.7.  
 
exo,exo,syn-1,12-Dichloro-1,12-diphospha[1.1]ferrocenophane (20): This compound was prepared 
according to a literature procedure.[9] To a solution of 19 (1.75 g, 3.06 mmol) in diethyl ether (100 
mL) was added HCl (2.0 M in diethyl ether, 6.9 mL, 13.77 mmol) at –78 °C. The mixture was stirred 
for 30 min and then the solvent was removed. The residue was extracted with toluene and dried in 
vacuo to give syn-20 as a yellow powder (1.38 g, 90 %). 1H NMR (300 MHz, C6D6): δ = 4.52 (s, 4H, fc), 
4.49 (s, 4H, fc), 4.03 (s, 4H, fc), 3.97 (s, 4H, fc); 31P {1H} NMR (121 MHz, C6D6): δ = 88.13. 
 
exo,exo,syn-1,12-Bis(phenyl)-1,12-diphospha[1.1]ferrocenophane (21): This compound was 
prepared according to a literature procedure.[9] To a solution of syn-20 (0.34 g, 0.67 mmol) in THF (20 
mL) was added phenyllithium (2.0 M solution in dibutylether, 0.84 mL, 1.68 mmol) at –78 °C. After 
stirring for 3 h at room temperature, a few drops of water were added to quench the remaining Li 
compound. After the solvent was removed in vacuo, the residue was dissolved in CH2Cl2 and then 
loaded on a silica gel column. A yellow band eluted with methylene chloride was collected and dried 
in vauco to give 21 as a yellow powder (0.19 g, 49 %). 1H NMR (500 MHz, CDCl3): δ = 7.23-7.20 (m, 
4H, Ph), 7.10 (m, 6H, Ph), 4.80 (bs, 4H, fc), 4.60 (bs, 4H, fc), 4.46 (bs, 4H, fc), 4.42 (bs, 4H, fc); 31P 
{1H} NMR (121 MHz, CDCl3): δ = –29.96.  
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[Pt(21)Cl2]: To a yellow suspension of compound 21 (13.3 mg, 0.023 mmol) in CH2Cl2 was added 
[Pt(cod)Cl2] (9.4 mg, 0.025 mmol) and the reaction mixture was stirred overnight. The solvent was 
removed under reduced pressure and the residue was washed with ether and hexanes and dried in 
vacuo to give [Pt(21)Cl2] as a yellow solid (17.4 mg, 89 %). 1H NMR (500 MHz, CDCl3): δ = 7.45-7.39 
(m, 6H, Ph), 7.27-7.21 (m, 4H, Ph), 5.33 (bs, 4H, fc), 5.14 (bs, 4H, fc), 4.69 (bs, 4H, fc), 4.51 (bs, 4H, 
fc); 13C {1H} NMR (125 MHz, CDCl3): δ = 132.0 (d, J = 5.8 Hz, CH), 130.3 (CH), 128,0 (t, J =13.2 Hz, 
CH), 127.5 (t, J = 10.8 Hz, CH), 76.2 (d, J = 6.3 Hz, Cq), 74.2 (bs, fc), 71.9 (bs, fc), 66.0 (bs, fc); 31P {1H} 
NMR (202 MHz, CDCl3): δ = 13.00 (1JPt-P = 3871 Hz); HRMS (FAB+): m/z calcd. for C32H26ClFe2P2Pt 
(M-Cl-): 814.9548; found: 814.9542. 
 
exo,exo,syn-1,12-Bis(4-(1,3-dioxolan)phenyl)-1,12-diphospha[1.1]-ferrocenophane (22): To a 
solution of 2-(4-bromophenyl)-1,3-dioxolane 5 (0.32 g, 1.40 mmol) in THF (15 mL) was added 
dropwise n-BuLi (2.5 M in hexanes, 0.56 mL, 1.40 mmol) at –78 °C. The mixture was stirred for 1 h at 
the same temperature and then added dropwise to a solution of 20 (0.28 g, 0.56 mmol) in THF (15 
mL) at –78 °C. After stirring for 3 h at room temperature, a few drops of water were added. The 
solvent was removed in vacuo and the residue was purified by silica gel column chromatography (1 % 
MeOH in CH2Cl2) to obtain 22 as a yellow powder (0.12 g, 29 %). 1H NMR (500 MHz, CDCl3): δ = 
7.23 (m, 8H, Ph), 5.67 (s, 2H, OCHO), 4.78 (bs, 4H, fc), 4.55 (bs, 4H, fc), 4.46 (bs, 4H, fc), 4.41 (bs, 
4H, fc), 4.03-3.95 (m, 8H, H-dioxolan); 13C {1H} NMR (125 MHz, CDCl3): δ = 145.4 (t, J = 16.5 Hz, 
Cq), 137.4 (Cq), 131,9 (m, CH), 126.1 (m, CH), 103.7 (d, J = 19.0 Hz, CH), 77.8 (t, J = 6.3 Hz, Cq), 
72.1 (br, fc), 71.2 (br, fc), 71.1 (s, fc), 65.5 (br, CH2); 31P {1H} NMR (202 MHz, CDCl3): δ = –30.47; 
HRMS (FAB+): m/z calcd. for C38H35Fe2O4P2 (M+H+): 729.0711; found: 729.0707. 
 
exo,exo,syn-1,12-Bis(4-formylphenyl)-1,12-diphospha[1.1]-ferrocenophane (23): Compound 22 
(0.10 g, 0.137 mmol) was dissolved in a mixture of water and tetrahydrofuran (5 mL, 1:1). After the 
addition of a catalytic amount of p-toluenesulfonic acid monohydrate (5 mg, 0.027 mmol), the 
reaction mixture was stirred for 1 h at reflux temperature. After cooling to room temperature, the 
mixture was extracted with methylene chloride (20 mL). The organic phase was dried over MgSO4 
and concentrated in vacuo. The residue was purified by silica gel column chromatography (CH2Cl2) to 
give 23 (42 mg, 48 %) as a yellow solid. 1H NMR (500 MHz, CDCl3): δ = 9.86 (s, 1H, CHO), 7.60 (d,    
J = 8.0 Hz, 4H, Ph), 7.30 (m, 4H, Ph), 4.77 (bs, 4H, fc), 4.63 (bs, 4H, fc), 4.52 (bs, 8H, fc); 13C {1H} 
NMR (125 MHz, CDCl3): δ = 192.2 (CHO), 152.6 (t, J = 20.7 Hz, Cq), 135.6 (Cq), 131.8 (t, J = 19.9 Hz, 
CH), 129.3 (t, J = 6.4 Hz, CH), 76.9 (t, J = 7.2 Hz, Cq), 72.4 (t, J = 6.4 Hz, fc), 71.7 (t, J = 8.5 Hz, fc), 
71.6 (s, fc); 31P {1H} NMR (202 MHz, CDCl3): δ = –28.16; HRMS (FAB+): m/z calcd. for 
C34H27Fe2O2P2 (M+H+): 641.0186; found: 641.0179. 
 
exo,exo,syn-1,12-Bis(4-((S)-(1-methoxy-3-methyl-1-oxobutan-2-ylimino)methyl)phenyl-1,12-
diphospha[1.1]-ferrocenophane (24): A mixture of L-valine methyl ester hydrochloride (10.5 mg, 
0.062 mmol) and bisaldehyde 23 (20.0 mg, 0.031 mmol) in methylene chloride (3 mL) was treated 
with sodium acetate (10.3 mg, 0.125 mmol). After stirring for 1 h at room temperature, the reaction 
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mixture was cooled to 0 °C and sodium triacetoxyborohydride (26.5 mg, 0.125 mmol) was added. The 
suspension was warmed to room temperature and stirred for another 3 h. Brine (3 mL) was added, 
and the mixture was extracted with CH2Cl2 (2 × 3 mL). The combined organic layers were dried over 
Na2SO4 and concentrated under reduced pressure. The residue was washed with hexanes and dried in 
vacuo to give 24 as a yellow powder (25.1 mg, 93 %). [ ]20

Da = –14.8 ° (c 1.0, CHCl3); 1H NMR (500 
MHz, CDCl3): δ = 7.16 (m, 4H, Ph), 7.08 (d, J = 8.0 Hz, 4H, Ph), 4.79 (bs, 4H, fc), 4.55 (bs, 4H, fc), 
4.46 (bs, 4H, fc), 4.41 (bs, 4H, fc), 3.65 (d, J = 13.5 Hz, 2H, CH2), 3.61 (s, 6H, OCH3), 3.47 (d, J = 13.0 
Hz, 2H, CH2), 2.95 (d, J = 6.0 Hz, 2H, Hα), 1.87 (m, 2H, Hβ), 0.90 (d, J = 7.0 Hz, 6H, CH3), 0.88 (d, J = 
6.5 Hz, 6H, CH3); 13C {1H} NMR (125 MHz, CDCl3): δ = 175.6 (C=O), 142.8 (t, J = 18.7 Hz, Cq), 139.6 
(Cq), 131.9 (t, J = 20.7 Hz, CH), 128.1 (CH), 78.2 (t, J = 6.4 Hz, Cq), 75.5 (m, fc), 72.1 (t, J = 7.1 Hz, 
fc), 71.2 (t, J = 8.4 Hz, fc), 70.9 (t, J = 1.3 Hz, fc), 67.0 (Cα), 52.5 (CH2), 51.6 (OCH3), 31.8 (Cβ), 19.4 
(CH3), 18.9 (CH3); 31P {1H} NMR (202 MHz, CDCl3): δ = –31.13; HRMS (FAB+): m/z calcd. for 
C46H53Fe2N2O4P2 (M+H+): 871.2182; found: 871.2171. 
 
exo,exo,syn-1,12-Bis(4-((S)-(1-methoxy-4-methyl-1-oxopentan-2-ylimino)methyl)phenyl-1,12-
diphospha[1.1]-ferrocenophane (25): Starting from L-leucine methyl ester hydrochloride (5.6 mg, 
31.2 μmol) and bisaldehyde 23 (10.0 mg, 15.6 μmol), 25 was obtained as a yellow powder (12.8 mg, 91 
%) following the procedure as described for the synthesis of 24. [ ]20

Da = –11.0 ° (c 1.0, CHCl3); 1H 
NMR (500 MHz, CDCl3): δ = 7.16 (m, 4H, Ph), 7.06 (d, J = 8.5 Hz, 4H, Ph), 4.79 (bs, 4H, fc), 4.55 (bs, 
4H, fc), 4.45 (bs, 4H, fc), 4.41 (bs, 4H, fc), 3.63 (d, J = 13.5 Hz, 2H, CH2), 3.61 (s, 6H, OCH3), 3.47 (d, J 
= 12.5 Hz, 2H, CH2), 3.21 (t, J = 7.2 Hz, 2H, Hα), 1.70 (m, 4H, Hβ), 1.40 (m, 2H, Hγ), 0.87 (d, J = 6.5 
Hz, 6H, CH3), 0.79 (d, J = 7.0 Hz, 6H, CH3); 13C {1H} NMR (125 MHz, CDCl3): δ = 176.6 (C=O), 142.8 
(t, J = 15.1 Hz, Cq), 139.7 (d, J = 3.6 Hz, Cq), 131.9 (t, J = 21.1 Hz, CH), 128.1 (CH), 78.2 (d, J = 3.6 
Hz, Cq), 75.5 (m, fc), 72.1 (br, fc), 71.1 (t, J = 8.0 Hz, fc), 70.9 (s, fc), 59.6 (Cα), 52.5 (CH2), 51.8 
(OCH3), 43.0 (Cβ), 25.0 (Cγ), 23.0 (CH3), 22.3 (CH3); 31P {1H} NMR (202 MHz, CDCl3): δ = –31.14; 
HRMS (FAB+): m/z calcd. for C48H57Fe2N2O4P2 (M+H+): 899.2495; found: 899.2490. 
 
General procedure for the hydroformylation of 1-octene.  
The hydroformylation experiments were carried out in a stainless steel autoclave (total volume is 150 
mL) charged with an insert suitable for 14 reaction vessels including Teflon mini stirring bars for 
conducting parallel reactions. 1-Octene was filtered over basic alumina to remove possible peroxide 
impurities. In a typical experiment, a reaction vessel was charged with [Rh(acac)(CO)2] (0.5 μmol), 
phosphorus ligand (2.5 μmol), 1-octene (0.5 mmol), decane (0.15 mmol) in toluene (0.5 mL). The 
autoclave was flushed three times with 10 bar of syngas (CO/H2 = 1), then pressurized to 20 bar 
CO/H2 and heated to 80 °C. The solution was stirred for 1 h at this temperature. After the appropriate 
reaction time, the magnetical stirrer was stopped and the reactor cooled rapidly. The pressure was 
reduced to 1.0 bar and a few drops of tri-n-butylphosphite were added to prevent any further reaction. 
The samples were analyzed by GC using a DB-1 (J&W) column (70 °C for 1 min, then ΔT1 = 7 °C 
min–1 to 120 °C and ΔT2 = 13 °C min–1 to 250 °C; retention times: 6.6 min for 1-octene, 11.0 min for 
decane, 11.9 min for branched aldehyde and 12.6 min for linear aldehyde).  
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General procedure for the asymmetric amination of 1,3-diphenylallyl acetate.  
In a Schlenk tube [Pd(η3-C3H5)Cl]2 (0.5 μmol) and the respective ligand (1 μmol) were dissolved in 2 
mL of the relevant solvent. (E)-1,3-Diphenylprop-2-ene-1-yl acetate (0.1 mmol) was added and the 
solution was stirred for 20 min at ambient temperature. Subsequently, benzylamine (0.3 mmol) was 
added, and the reaction was stirred for another 16 h. The conversion was determined by GC using a 
DB-1 (J&W) column. The solvent was removed in vacuo and the residue was purified by column 
chromatography (SiO2; petroleum ether/ethyl acetate = 95:5) to give pure products. Determination of 
ee values was performed by chiral HPLC (Chiralcel OD-H; n-hexane/2-propanol = 99.5:0.5 at 0.7 
ml.min–1; λ = 254 nm; tR (R) = 13.0 min, tR (S) = 13.7 min). 
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Phosphine Ligands modified with Amino Acids  
 

Asymmetric Allylic Alkylation by means of Secondary  
Interactions between Chiral Ligand and Substrate 

 
 
 
 
 
 
Abstract 
 
Four bidentate phosphorus ligands with a nitrogen atom in the backbone were 
modified with amino acid fragments at an appropriate distance from the phosphino 
groups. The palladium catalysts, which were prepared in situ by mixing the amino acid-
modified ligands and [Pd(η3-C3H5)Cl]2, were examined for catalytic activity and 
enantioselectivity in the asymmetric allylic alkylation of 2-acetylcyclohexanone with 
cinnamyl acetate. The observed enantioselectivity was attributed to secondary 
interactions between the nucleophile and the amino acid fragments on the ligand. 
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Introduction 
 

A large number of chemical transformations make use of organometallic catalysts. The 
key to success of homogeneous catalysts using transition metals lies in the relative ease 
of catalyst modification by changing the ligand environment. Both the metal center and 
the large variety of ligands around it determine the properties of the catalyst.[1] Still, 
natural enzymes are more active and selective than any man-made organometallic 
catalytic system. One of the most interesting properties of enzymes is their ability to 
orient their substrate by using secondary interactions. In the past, various research 
groups have studied the implementation of this concept in homogeneous catalysis.[2] 
Van der Waals forces,[3] hydrogen bonding[4,5,6] and Lewis acid/base interactions[7,8,9] 
have been employed to combine non-covalent substrate binding with transition metal 
catalysis, thereby aiming at enzyme-like behavior. 

Highly enantioselective formation of a quaternary chiral carbon center is an 
important goal in organic synthetic chemistry. A powerful and versatile method for 
achieving this is the palladium-catalyzed allylic alkylation reaction.[10] A large number 
of chiral ligands has been used and many substrates can be functionalized with high 
enantioselectivities. The ligands used in Pd-catalyzed asymmetric allylic alkylation 
reactions are based on three general concepts which are schematically depicted in 
Figure 1: a) creating a chiral environment around the metal center, b) introducing 
different electronic properties on the donor atoms, and c) attaching a (chiral) tether to 
coordinate the incoming nucleophile. 
 
 
 
 
 
Figure 1. Three general concepts for ligands used in asymmetric allylic alkylations. 
 

For the first class of ligands, Trost and coworkers introduced C2-symmetrical 
diphosphines based on two 2-diphenylphosphinobenzoic acid units which are linked to 
a chiral backbone.[11] The chiral induction stems from the selective clockwise or 
anticlockwise rotation of the allyl moiety upon nucleophilic attack in the chiral pocket 
created by the conformation of the phenyl rings.[12] The potential of the second class of 
ligands was demonstrated by Pfaltz,[13] Helmchen[14] and Williams,[15] who employed 
phosphinooxazoline ligands possessing C1-symmetry. A key concept of these P,N-
ligands is the assumption of preferred attack of the nucleophile at the carbon atom of 
the allyl group trans to the phosphorus atom because of the large trans effect.[16] As 
example of the third class of ligands, the planar chiral ferrocenyl diphosphine ligands 
bearing aminohydroxy functionalized side chains developed by Hayashi et al. have 
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given excellent results.[17] The functional groups are thought to interact with the 
incoming nucleophile to bring about high stereoselecitivity, thereby displaying 
enzyme-like behaviour. 

A new stereogenic carbon center can be created either in the nucleophile or in the 
allylic substrate. Kagan and coworkers have reported the first example of the former 
type of alkylation in 1978, which involved the allylic alkylation of 2-
acetylcyclohexanone.[18] Conceptually, catalytic asymmetric alkylations of such 
substrates (β-ketoesters) are not straightforward. The enantioselective electrophilic 
attack of a palladium(allyl) intermediate to a stabilized prochiral nucleophile is not 
easily controlled by a chiral ligand on the palladium atom, which is at the opposite side 
of the allyl structure from the approaching nucleophile. Consequently, a chiral ligand 
on palladium is remote from the attacking nucleophile and has only a limited effect on 
the asymmetric alkylation reaction where the new asymmetric center is created on the 
nucleophile. In order for chiral ligands to affect stereochemical control in this reaction, 
they must transmit their stereochemical information through space. 

To overcome this problem in the allylic alkylation of β-ketoesters several ligand 
systems have been developed which contain remote functional groups that are able to 
interact with the prochiral nucleophile.[17b,19,20] Hayashi and coworkers designed 
diphosphine ligands containing a chiral amino acid residue remote from the achiral 
phosphino groups and demonstrated that these are fairly effective for the palladium-
catalyzed asymmetric allylic alkylation of the sodium enolate of 2-acetylcyclohexanone 
with allyl acetate.[18] The prochiral 1,3-diketone enolate is generally believed to be 
located far from the chiral ligand in the transition state of the nucleophilic attack on the 
chiral palladium(allyl) intermediate. The observed enantioselectivity of 52 % ee was 
attributed to the secondary interaction between the chiral amino acid of the ligand and 
the sodium enolate. Hayashi introduced the amino acids via a linker to a nitrogen atom 
in the backbone of the bidentate phosphorus ligand. 

 
 
 
 
 
 
Figure 2: The phosphorus ligands 1 – 4.  
 

As was shown by Hayashi and coworkers,[19] the combination of strongly 
coordinating phosphine ligands with amino acids for secondary interactions allow the 
development of enantioselective bioinspired ligands for palladium-catalyzed 
asymmetric allylic alkylation reactions. In the present Chapter we introduce new ligand 
backbones. The four bidentate phosphorus ligands 1 – 4 (Figure 2) all contain a 
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nitrogen atom in the backbone that has been modified with amino acid-fragments at an 
appropriate distance from the phosphino groups. The corresponding palladium 
complexes will be examined for catalytic activity and enantioselectivity in the reaction 
of the sodium enolate of 2-acetylcyclohexanone with cinnamyl acetate.  
 
 
Results and Discussion 
 
– Synthesis of ligands 3 and 4. 
The synthesis of diphosphine 3 is shown in Scheme 1. Monolithiation of 1,3-
dibromobenzene at –90 °C with n-butyllithium and subsequent reaction with 
chlorodiphenylphosphine gave 3-(bromophenyl)diphenylphosphine (5).[21] Aniline 6 
was synthesized by nucleophilic phosphination of 3-fluoroaniline,[22] and by the cross-
coupling between 3-iodoaniline and diphenylphosphine.[23] The palladium-catalyzed 
cross-coupling reaction of arylbromine 5 and 3-(diphenylphosphorus)aniline (6) gave 
3,3’-bis(diphenylphosphino)diphenylamine (3) as a white powder.  
 
 
 
 
 
 
 
 
Scheme 1. Reagents and conditions: i. a) n-BuLi, THF, –90 °C, b) PPh2Cl, THF, –90 °C, 85 %;              
ii. KPPh2, THF, reflux, 72 %; iii. Pd(OAc)2, DPEphos, NaOtBu, toluene, reflux, 47 %. 
 

Attempts to introduce the phosphine moieties in a later stage of the synthetic route, 
as has been reported for the 2,2’-bis(diphenylphosphino)diphenylamine isomer, 
failed.[24]  
 
 
 
 
 
 
 
 
Scheme 2. Reagents and conditions: i. Pd(OAc)2, DPEphos, NaOtBu, toluene, reflux, 76 %;                   
ii. Pd(OAc)2, DPEphos, NaOtBu, toluene, reflux, 82 %; iii. NaH, TBDMSCl, THF, reflux, 90 %. 
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The C-F bonds in di(3-fluorophenyl)amine (7) proved to be insufficiently activated for 
double nucleophilic phosphination (Scheme 2). Furthermore, the synthesis of 
diphosphine 3 starting from compound 8 or 9 using lithium or Grignard reagents was 
unsuccessful as in all cases mixtures of (unidentified) compounds were obtained. 

Ligand 4 is based on the Bisphenol A backbone and has been reported by Van der 
Vlugt and coworkers in 2002.[25] Similar ligands with different backbone bridging-
atoms have successfully been employed as catalyst components in the 
hydroformylation of 1-octene.[26] Palladium-catalyzed cross-coupling reaction of 4-
bromoanisole with p-anisidine in the presence of sodium tert-butoxide in refluxing 
toluene produced diphenylamine 10 (Scheme 3).[27] Protection of the amine with the 
tert-butyldimethylsilyl-group allowed the use of lithium reagents for the introduction 
of the phosphine moieties. The methoxy-groups act as directing groups for the selective 
ortho-lithiation of both phenyl rings and the subsequent reaction with 
chlorodiphenylphosphine gave compound 12. Finally, desilylation with tetrabutyl-
ammoniumfluoride yielded diphosphine 4. 
 
 
 
 
 
 
 
 
 
 
Scheme 3. Reagents and conditions: i. Pd(OAc)2, dppf, NaOtBu, toluene, reflux, 64 %; ii. NaH, 
TBDMSCl, THF, reflux, 58 %; iii.a) n-BuLi, TMEDA, Et2O, –15 °C, b) PPh2Cl, hexanes, 0 °C, 50 %;   
iv. (n-Bu)4NF∙3H2O, THF, 62 %. 
 
– Functionalization of ligands 1 – 4. 
Next, amino acids were introduced to compounds 1–4 to obtain chiral diphosphine 
ligands. The synthetic route towards Hayashi’s chiral ligand 15[19] is depicted in Scheme 
4. Bis(2-diphenylphosphinoethyl)amine (1) was prepared and isolated as a crystalline, 
air-stable, hydrochloride salt according to Whitesides’ procedure.[28] The same 
procedure describes the preparation of carboxylic acid 14 by acylation of compound 1 
with succinic anhydride. Alternatively, amine 1 was acylated with methyl 4-chloro-4-
oxobutyrate to give methyl ester 13 which was subsequentely hydrolyzed to obtain 
carboxylic acid 14 by treatment with lithium hydroxide. Condensation with L-valine 
methyl ester in the presence of a base and 1-ethyl-3-(3 -dimethylaminopropyl)-
carbodiimide hydrochloric acid (EDC) yielded the previously reported ligand 15.[19] 
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Scheme 4. Reagents and conditions: i. Et3N, ClC(O)(CH2)2CO2Me, CH2Cl2, 81 %; ii. LiOH·H2O, THF,  
88 %; iii. L-Val-OMe·HCl, Et3N, EDC, CH2Cl2, 91 %. 
 

In a similar fashion, chiral ligands 18 and 21 were obtained starting from 
respectively compound 3 and 4 (Scheme 5). Deprotonation of the nitrogen atom in 
compound 3 with sodium hydride, followed by the addition of methyl 4-chloro-4-
oxobutyrate gave 16. This compound was converted into carboxylic acid 17 by 
treatment with LiOH, which was then reacted with L-valine methyl ester to yield amide 
18.[29] It is noteworthy that the nitrogen atom in compounds 3 and 4 is not reactive 
enough to obtain carboxylic acid derivatives 17 and 20 respectively by acylation with 
succinic anhydride.  
 
 
 
 
 
 
 
Scheme 5. Reagents and conditions: i. NaH, ClC(O)(CH2)2CO2Me, THF, reflux, 16: 42 %, 19: 40 %;    
ii. LiOH∙H2O, THF, 17: 66 %, 20: 46 %; iii. L-Val-OMe·HCl, Et3N, EDC, CH2Cl2, 18: 78 %, 21: 75 %. 

 
The phenoxazine-based ligand Nixantphos (2) as developed by Van der Veen et 

al.[30] has been succesfully anchored to silica support,[31] polystyrene support,[32] and 
dendrimers.[33] Using the method developed by Van der Veen and coworkers,[31] the 
relatively unreactive phenoxazine nitrogen in the now commercially available 
Nixantphos (2) was acylated with methyl 4-chloro-4-oxobutyrate to give ligand 22 
(Scheme 6). The saponification of methylester 22 to obtain the corresponding 
carboxylic acid proved to be unsuccessful since the amide was hydrolyzed as well.[34] 
Recently, Ricken et al. reported the reaction between methyl acrylate and Nixantphos 
to give the corresponding product of a Michael addition (23).[33] With no amide bond 
present, methylester 23 was cleanly hydrolyzed to give carboxylic acid 24. 
Subsequently, Nixantphos derivative 24 was allowed to react with L-valine methyl ester 
in the presence of EDC and triethylamine to give 25 (Figure 3).  
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Scheme 6. Reagents and conditions: i. Methyl acrylate, NBu4Br, NaOMe, MeOH, reflux, 75 %;             
ii. LiOH∙H2O, THF, 92 %; iii. NaH, ClC(O)(CH2)2CO2Me, THF, reflux, 66 %. 
 

The distance between the functional group (i.e. the amino acid) and the metal 
center in these catalysts is decisive for an effective interaction in terms of 
enantioselectivity. Varying the length of the linker chain has been shown to have a 
tremendous effect on the enantioselectivity in palladium-catalyzed allylic substitution 
reactions.[17,19] The choice of the linker chain not only determines the distance between 
the amino acid and the phosphorus atoms but also allows the amino acid fragments to 
be coupled at the C-terminus. Since the functional groups attached to the linker also 
affect the outcome of the catalytic reaction, this can result in a more selective catalyst. 
Bis(2-diphenylphosphinoethyl)amine 1 was acylated with phthalylglycyl chloride to 
give 26 (Scheme 7). The N-phthalimide is readily cleaved with hydrazine to give amine 
27, which was then converted into amide 28 by condensation with optically active N-
Fmoc-L-alanine.  

 
 

 
 
 
 
 
Scheme 7. Reagents and conditions: i. Phthalylglycyl chloride, Et3N, CH2Cl2, 68 %; ii. NH2NH2∙H2O, 
MeOH, 74 %; iii. Fmoc-Ala-OH, EDC, CH2Cl2, 64 %. 
 

The bidentate phosphorus ligands 1 – 4 can also be directly acylated with amino 
acid fragments. For example, alanine derivatives 29 and 30 (Figure 3) were obtained by 
the reaction of Fmoc-Ala-Cl with respectively compound 4 and 1. In this manner the 
importance of the linker, and thus the distance of the chiral amino acid from the metal 
center, on the outcome of the catalytic reaction can be examined. Ligand 30 can be 
compared with its longer analogue 27. 
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Figure 3. Chiral bidentate ligands 25, 29 and 30. 
 

The 31P {1H} NMR spectra of the functionalized ligands based on 1, 3 and 4 are 
usually characterized by two singlets. The splitting appears after acylation and has been 
attributed to restricted rotation around the C-N amide bond.[28b] The inequivalence of 
the two phosphorus moieties is detected by 1H and 13C {1H} NMR spectroscopy as well. 
Preliminary in situ complex formation studies of these ligands to palladium were not 
conclusive since broad signals in the 31P {1H} NMR spectra were observed. The natural 
bite angle of ligand 4 was calculated to be between 130 and 140 degrees, which is 
probably too large for chelation.[35] The calculations showed the presence of two 
different structures close in energy; one structure with C2 and one with Cs symmetry. 

Because of the rotational freedom of the aromatic rings in the backbone, the 
diphenylphosphino groups are not constrained to any particular mutual orientation. 
Van der Vlugt and coworkers showed that derivatives of ligand 4 containing different 
backbone bridging atoms form binuclear complexes. Also amido functionalized 
derivatives of 1 are known to form dimeric complexes in addition to chelating 
mononuclear complexes.[36] These dimeric complexes displayed fluxional behaviour 
which was ascribed to restricted rotation around the amide bond leading to syn and 
anti conformations, resulting in broad signals in 31P {1H} NMR spectroscopy. 

 
– Catalysis 
The chiral diphosphine ligands were examined for enantioselectivity in the palladium-
catalyzed reaction of the sodium enolate of 2-acetylcyclohexanone (31) with cinnamyl 
acetate (32) in tetrahydrofuran. The reaction conditions and results are summarized in 
Table 1. Ligand 15, based on the flexible diethylamine backbone, provided product 33 
with 42 % enantiomeric excess (Entry 1). In the related palladium-catalyzed alkylation 
of 2-acetylcyclohexanone and allyl acetate at –50 °C, ligand 15 has been reported to 
give the product in 52 % ee.[19] The catalysts based on the new chiral ligands 18, 21 and 
25 were less active and in addition displayed poor enantioselectivity. It should be noted 
that Hayashi et al. have proposed that a secondary interaction between the chiral ligand 
and the nucleophile accelerates the allylic alkylation by drawing the nucleophile up to 
the π-allyl and that in general the catalysts with higher stereoselectivity show higher 
catalytic activity.[37]  
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Table 1. Asymmetric alkylation of 2-acetylcyclohexanone with cinnamyl acetate.[a] 

 

 

 

 

 
entry ligand T (°C) conv. (%) [b] ee (%) [c] 

1 15 –30 79 42 (R) 
2 18 –30 15 3 (R) 
3 21 –30 14 2 (R) 
4 25 –30 17 2 (R) 
5 28 –30 68 10 (R) 
6 29 –30 28 8 (R) 
7 30 –30 61 3 (R) 
8 (R)-BINAP –30 80 73 (S) 
9 15 –40 76 45 (R) 

10 28 –40 66 15 (R) 
11 29 –40 34 9 (R) 
12 15 25 85 29 (R) 
13 28 25 72 8 (R) 
14 (R)-BINAP 25 82 36 (S) 

[a] Reaction conditions: [Pd(η3-C3H5)Cl]2, [Pd] = 1.0 mM, 31/NaH/32/[Pd(η3-C3H5)Cl]2/ligand = 
100/125/150/0.5/1.1, t = 16 h, 2 mL THF. [b] Percentage conversion of 2-acetylcyclohexanone, 
determined by GC. [c] Enantiomeric excess of product, determined by chiral HPLC. Ligand 
abbreviation: BINAP = 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl. 
 

The diphosphine (R)-BINAP was used as control experiment, as Ito and coworkers 
showed that the chiral palladium complex generated in situ from [Pd(η3-C3H5)Cl]2 and 
(R)-BINAP is a good catalyst for the catalytic asymmetric allylation of 1,3-diketones.[38] 
Under the present reaction conditions, product 33 was obtained with 73 % ee (Entry 8). 
It should be noted that the phenyl groups of BINAP are believed to induce the 
enantioselectivity by steric interactions with the approaching prochiral nucleophile.[39] 
Trost showed that the geometric requirements of a ligand with a chiral pocket 
transmitted its chirality to the β-ketoester nucleophile.[40] Consequently, the 
enantioselectivity displayed by the non-tethered ligand 29 (Entry 6) might find its 
origin in the enforced orientation of the diphenylamine backbone and not in non-
covalent interactions between the amino acid residue and the nucleophile. The 
importance of linker chain length is shown by the lower selectivity of 30, which is a 
non-tethered analogue of ligand 28 (Entries 5 and 7). 
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The enantioselectivities improved upon lowering the reaction temperature and vice 
versa. At –40 °C, the palladium complex based on ligand 28 provided product 33 with 
15 % ee (Entry 10). Performing the reaction at room temperature resulted in lower 
enantioselectivities. 
 
 
Conclusions 
 
In conclusion, we synthesized diphosphine ligands containing a nitrogen atom in the 
backbone modified with amino acid-fragments at an appropriate distance from the 
phosphino groups which allows non-covalent secondary interactions between 
functionalized substrates and the ligand. We illustrated that the amino acid-modified 
chiral diphosphine ligands with the appropriate length of linker chain are effective in 
the palladium-catalyzed asymmetric alkyation 2-acetylcyclohexanone with cinnamyl 
acetate, albeit with low to moderate enantioselectivity. The catalysts may be regarded as 
artificial enzyme-like catalysts, in that the catalysts interact with the electrophile (allyl 
acetate) and the nucleophile (sodium enolate) simultaneously. 
 
 
Experimental Section 
 
General remarks. Unless stated otherwise, reactions were carried out under an atmosphere of argon 
using standard Schlenk techniques. THF, diethyl ether and hexanes were distilled from 
sodium/benzophenone. Tertiary amines, CH2Cl2 and methanol were distilled from CaH2 and toluene 
was distilled from sodium. Deuterated solvents were distilled from the appropriate drying agents. 
Unless stated otherwise, all chemicals were obtained from commercial suppliers and used as received. 
Optical rotations were measured on a Perkin-Elmer 241 polarimeter. NMR spectra were recorded on 
a Varian Mercury 300, a Varian Inova 500 or a Bruker Avance DRX-300 spectrometer. Chemical 
shifts are reported in ppm and are given relative to tetramethylsilane (1H, 13C), 85% H3PO4 (31P) and 
CCl2F2 (19F). Standard infrared spectra were recorded on a Nicolet Nexus 670 FT-IR 
spectrophotometer. High Resolution Mass Spectra were recorded at the Department of Mass 
Spectrometry at the University of Amsterdam using Fast Atom Bombardment (FAB) ionization on a 
JOEL JMS SX/SX102A four-sector mass spectrometer, coupled to a JEOL MS-MP9021D/UPD system 
program. Samples were loaded in a matrix solution (3-nitrobenzyl alcohol) on to a stainless steel 
probe and bombarded with xenon atoms with an energy of 3KeV. Elemental analyses were carried out 
by H. Kolbe Mikroanalytisches Laboratorium, Mülheim an der Ruhr (Germany).  
 
(3-Bromophenyl)diphenylphosphine (5): This compound was prepared according to a literature 
procedure.[21] 1,3-Dibromobenzene (7.4 mL, 61.0 mmol) was dissolved in THF (200 mL) and cooled 
to –90 °C using an acetone/liquid nitrogen bath. n-BuLi (25.6 mL, 2.5 M in hexanes, 64.0 mmol) was 
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added dropwise and the resulting cloudy solution was stirred at –90 °C. After 45 minutes 
chlorodiphenylphosphine (10.4 mL, 58.0 mmol) was added dropwise. The solution was allowed to 
warm to room temperature over the course of 2 hours, and was then filtered through a pad of Celite. 
The deep red resulting filtrate was concentrated under reduced pressure. The solids were then 
extracted with hexanes followed by filtration through a silica plug. Evaporation of the solvent gave 5 
in 85 % yield (16.73 g) as a colorless oil. 1H NMR (300 MHz, CDCl3): δ = 7.49-7.28 (m, 12H, H-arom), 
7.22 (m, 2H, H-arom); 13C {1H} NMR (75 MHz, CDCl3): δ = 141.0 (d, J = 15.8 Hz, CP), 136.7 (d, J = 
10.9 Hz, CH), 136.4 (d, J = 20.6 Hz, CP), 134.2 (d, J = 19.4 Hz, CH), 132.5 (d, J = 19.4 Hz, CH), 132.1 
(CH), 130.5 (d, J = 6.1 Hz, CH), 129.5 (CH), 129.1 (d, J = 7.3 Hz, CH), 123.6 (d, J = 7.3 Hz, CBr); 31P 
{1H} NMR (121 MHz, CDCl3): δ = –3.42. 
 
3-(Diphenylphosphorus)aniline (6): This compound was prepared according to a literature 
procedure.[22] 3-Fluoroaniline (5.59 g, 50.3 mmol) and potassium diphenylphosphide (0.5 M in THF, 
100 mL, 50.0 mmol) were combined and refluxed for 3 days. The THF was removed under reduced 
pressure, and the yellow solid was washed with degassed water (2 × 50 mL) and hexanes (50 mL). The 
residue was purified by silica gel flash column chromatography (eluent: CHCl3) to give 6 (10.08 g, 72 
%) as a white solid. 1H NMR (300 MHz, CDCl3): δ = 7.57-7.35 (m, 10H, H-arom), 7.15 (m, 1H, H-
arom), 6.78 (m, 1H, H-arom), 6.67 (m, 1H, H-arom), 6.45 (m, 1H, H-arom), 3.60 (bs, 2H, NH2); 13C 
{1H} NMR (75 MHz, CDCl3): δ = 146.5 (d, J = 7.3 Hz, CN), 138.0 (d, J = 10.4 Hz, PC), 137.3 (d, J = 
11.0 Hz, PC), 133.8 (d, J = 19.5 Hz, CH), 129.5 (d, J = 7.3 Hz, CH), 128.7 (d, J = 11.5 Hz, CH), 128.5 
(CH), 124.0 (d, J = 19.6 Hz, CH), 120.0 (d, J = 19.6 Hz, CH), 115.6 (CH); 31P {1H} NMR (121 MHz, 
CDCl3): δ = –3.54. 
 
Bis(3-(diphenylphosphino)phenyl)amine (3): A Schlenk flask was charged with aniline 6 (5.55 g, 
20.0 mmol), arylbromide 5 (6.82 g, 20.0 mmol), Pd(OAc)2 (0.023 g, 0.10 mmol), DPEphos (0.081 g, 
0.15 mmol), sodium tert-butoxide (2.89 g, 30 mmol) and toluene (30 mL). The reaction mixture was 
stirred for 24 h at reflux temperature. After cooling the reaction mixture to room temperature, the 
reaction mixture was quenched with water (30 mL). The organic layer was extracted with toluene (2 × 
15 mL). The combined organic solution was dried over MgSO4, filtered and concentrated under 
reduced pressure. The residue was purified by silica gel column chromatography (5 → 10 % ethyl 
acetate in light petroleum) to afford compound 3 in 47 % yield (5.0 g) as a white solid. 1H NMR (300 
MHz, CD2Cl2): δ = 7.37-7.29 (m, 20H, H-arom), 7.18 (dt, J = 7.8 Hz, J = 1.8 Hz, 2H, H-arom), 6.98 
(m, 2H, H-arom), 6.90 (dt, J = 7.8 Hz, J = 1.8 Hz, 2H, H-arom), 6.84 (dt, J = 7.8 Hz, J = 1.2 Hz, 2H, H-
arom), 5.79 (bs, 1H, NH); 13C {1H} NMR (75 MHz, CD2Cl2): δ = 143.4 (d, J = 7.3 Hz, CN), 139.2 (d, J = 
11.0 Hz, CP), 137.8 (d, J = 11.0 Hz, CP), 134.2 (d, J = 19.5 Hz, CH), 129.8 (d, J = 7.3 Hz, CH), 129.3 
(CH), 129.1 (d, J = 7.3 Hz, CH), 126.7 (d, J = 20.8 Hz, CH), 123.0 (d, J = 19.5 Hz, CH), 117.9 (CH); 31P 
{1H} NMR (121 MHz, CD2Cl2): δ = –3.81; HRMS (FAB+): m/z calcd. for C36H30NP2 (M+H+): 
538.1854; found: 538.1857; anal. calcd. for C36H29NP2: C 80.43, H 5.44, N 2.61; found: C 80.50, H 5.35, 
N 2.27. 
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Di(3-fluorophenyl)amine (7): A Schlenk flask was charged with 3-fluoroaniline (5.56 g, 50.0 mmol), 
1-bromo-3-fluorobenzene (8.75 g, 50.0 mmol), Pd(OAc)2 (0.056 g, 0.25 mmol), DPEphos (0.202 g, 
0.375 mmol), sodium tert-butoxide (7.21 g, 75 mmol) and toluene (50 mL). The reaction mixture was 
stirred for 16 h at reflux temperature. After cooling the reaction mixture to room temperature, the 
reaction mixture was quenched with water (50 mL). The organic layer was extracted with toluene (2 × 
15 mL). The combined organic solutions were dried over MgSO4, filtered and concentrated under 
reduced pressure. The residue was purified by silica gel flash column chromatography (5 % ethyl 
acetate in light petroleum) to afford 7 in 76 % yield (7.80 g) as a pale yellow oil. 1H NMR (500 MHz, 
CDCl3): δ = 7.30-7.25 (m, 2H, H-arom), 6.88-6.84 (m, 4H, H-arom), 6.74-6.70 (m, 2H, H-arom), 5.86 
(bs, 1H, NH); 13C {1H} NMR (125 MHz, CDCl3): δ = 163.6 (d, J = 245 Hz, CF), 144.1 (d, J = 10.1 Hz, 
CN), 130.5 (d, J = 10.2 Hz, CH), 113.5 (d, J = 2.5 Hz, CH), 108.0 (d, J = 21.5 Hz, CH), 104.7 (d, J = 25.0 
Hz, CH); 19F {1H} NMR (282 MHz, CDCl3): δ = –111.88; HRMS (FAB+): m/z calcd. for C12H10F2N 
(M+H+): 206.0781; found: 206.0778; anal. calcd. for C12H9F2N: C 70.24, H 4.42, N 6.83; found: C 70.18, 
H 4.48, N 6.77. 
 
Di(3-bromophenyl)amine (8): Following the procedure as described for the synthesis of compound 
7, di(3-bromophenyl)amine was obtained starting from 3-bromoaniline (6.88 g, 40.0 mmol) and 1-
bromo-3-iodobenzene (11.32 g, 40.0 mmol). Purification by flash column chromatography on neutral 
Al2O3 (diethyl ether) afforded 8 in 82 % yield (10.70 g) as a colorless oil. 1H NMR (500 MHz, CDCl3): 
δ = 7.20-7.19 (m, 2H, H-arom), 7.16-7.08 (m, 4H, H-arom), 6.99-6.97 (m, 2H, H-arom), 5.65 (bs, 1H, 
NH); 13C {1H} NMR (125 MHz, CDCl3): δ = 143.7 (CN), 130.7 (CH), 124.5 (CH), 123.1 (CBr), 120.8 
(CH), 116.6 (CH); HRMS (FAB+): m/z calcd. for C12H9Br2N: 326.9082; found: 326.9086; anal. calcd. 
for C12H9Br2N: C 44.07, H 2.77, N 4.28; found: C 44.16, H 2.95, N 4.33. 
 
N-(tert-Butyldimethylsilyl)-bis(3-bromophenyl)amine (9): Sodium hydride (1.22 g, 60 % in mineral 
oil, 30.4 mmol) was added to a solution of 8 (8.28 g, 25.3 mmol) in THF (60 mL) and this solution was 
stirred for 1 h at reflux temperature. To the reaction mixture was added a solution of tert-
butyldimethylsilyl chloride (5.39 g, 35.7 mmol) in THF (20 mL). The solution was stirred another 3 h 
at reflux temperature. After cooling to room temperature, the solution was diluted with ethyl acetate 
(100 mL) and washed with water (80 mL). The organic layer was dried over MgSO4 and concentrated 
under reduced pressure. The residue was purified by silica gel flash column chromatography (eluent: 
light petroleum) to afford 9 in 90 % yield (10.02 g) as a colourless oil which became solid upon 
standing. 1H NMR (500 MHz, CDCl3): δ = 7.17-7.07 (m, 6H, H-arom), 6.90-6.87 (m, 2H, H-arom), 
0.96 (s, 9H, tBu), 0.20 (s, 6H, Si(CH3)2); 13C {1H} NMR (125 MHz, CDCl3): δ = 150.4 (CN), 130.1 
(CH), 130.0 (CH), 126.0 (CH), 124.6 (CH), 122.5 (CBr), 27.8 (C(CH3)3), 20.4 (C(CH3)3), –1.7 
(Si(CH3)2); HRMS (FAB+): m/z calcd. for C18H24Br2NSi (M+H+): 442.0025; found: 442.0028. 
 
Di(4-methoxyphenyl)amine (10): This compound was prepared according to a slightly modified 
literature procedure.[27] A Schlenk flask was charged with 4-bromoanisole (9.35 g, 50.0 mmol), p-
anisidine (6.16 g, 50.0 mmol), Pd(OAc)2 (0.084 g, 0.38 mmol), dppf (0.28 g, 0.50 mmol), sodium tert-



Allylic Alkylation by means of Secondary Interactions 

103 

butoxide (6.25 g, 65.0 mmol) and toluene (50 mL). The reaction mixture was stirred for 16 h at reflux 
temperature. After cooling the reaction mixture to room temperature, the reaction mixture was 
diluted with water (40 mL) and methylene chloride (80 mL). The aqueous layer was extracted with 
methylene chloride (2 × 50 mL). The combined organic solution was dried over MgSO4, filtered and 
concentrated under reduced pressure. The residue was washed with heptane and purified by silica gel 
flash column chromatography (eluent: 5 % ethyl acetate in light petroleum) to afford 10 in 64 % yield 
(7.28 g) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 6.97-6.95 (m, 4H, H-arom), 6.90-6.85 (m, 
4H, H-arom), 3.81 (s, 6H, OCH3); 13C {1H} NMR (125 MHz, CDCl3): δ = 154.2 (CO), 137.9 (CN), 
119.5 (CH), 114.7 (CH), 55.6 (OCH3). 
 
N-(tert-Butyldimethylsilyl)-bis(4-methoxyphenyl)amine (11): Sodium hydride (1.52 g, 60 % in 
mineral oil, 38.1 mmol) was added to a solution of 10 (7.28 g, 31.8 mmol) in THF (80 mL) and this 
solution was stirred for 2 h at reflux temperature. To the reaction mixture was added a solution of 
tert-butyldimethylsilyl chloride (6.70 g, 44.5 mmol) in THF (20 mL). The solution was stirred another 
16 h at reflux temperature. After cooling to room temperature, the solution was diluted with ethyl 
acetate (100 mL) and washed with water (100 mL). The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The residue was purified by silica gel column chromatography 
(5 % ethyl acetate in light petroleum) to afford 11 in 58 % yield (6.29 g) as a yellow oil. 1H NMR (500 
MHz, CDCl3): δ = 6.98 (dd, J = 9.8 Hz, J = 2.8 Hz, 4H, H-arom), 6.79 (dd, J = 6.8 Hz, J = 1.8 Hz, 4H, 
H-arom), 3.77 (s, 6H, OCH3), 0.95 (s, 9H, tBu), –0.20 (s, 6H, Si(CH3)2); 13C {1H} NMR (125 MHz, 
CDCl3): δ = 155.2 (CO), 143.2 (CN), 127.7 (CH), 113.9 (CH), 55.3 (OCH3), 27.6 (C(CH3)3), 20.0 
(C(CH3)3), –2.0 (Si(CH3)2); HRMS (FAB+): m/z calcd. for C20H30NO2Si (M+H+): 344.2046; found: 
344.2043; anal. calcd. for C20H29NO2Si: C 69.92, H 8.51, N 4.08; found: C 69.85, H 8.64, N 3.98. 
 
N-(tert-Butyldimethylsilyl)-bis(3-(diphenylphosphino)-4-methoxyphenyl)amine (12): TMEDA 
(4.98 g, 42.9 mmol) was added to n-BuLi (17.2 mL, 2.5 M in hexanes, 42.9 mmol). At –15 °C, a 
solution of 11 (6.45 g, 20.2 mmol) in diethyl ether (50 mL) was added dropwise. The mixture was 
allowed to stir at room temperature for 16 h to yield a yellow suspension. At 0 °C, a solution of PPh2Cl 
(9.46 g, 42.9 mmol) in hexanes (10 mL) was added dropwise. After being stirred for 4 h at room 
temperature, the reaction mixture was hydrolyzed with brine (50 mL). The organic phase was dried 
over MgSO4 and concentrated under reduced pressure. Purification by crystallization (methylene 
chloride/methanol) gave 12 in 50 % yield (7.21 g) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 
7.33-7.23 (m, 20H, H-arom), 6.73 (m, 4H, H-arom), 6.33 (dd, J = 5.0 Hz, J = 3.0 Hz, 2H, H-arom), 
3.69 (s, 6H, OCH3), 0.54 (s, 9H, tBu), –0.26 (s, 6H, Si(CH3)2); 13C {1H} NMR (125 MHz, CDCl3): δ = 
157.0 (d, J = 15.6 Hz, CO), 143.8 (CN), 137.0 (d, J = 10.6 Hz, CP), 134.1 (d, J = 20.2 Hz, CH), 132.0 
(CH), 128.7 (CH), 128.6 (CH), 128.5 (CH), 125.5 (d, J = 13.1 Hz, CP), 111.1 (CH), 56.2 (OCH3), 27.5 
(C(CH3)3), 20.0 (C(CH3)3), –2.0 (Si(CH3)2); 31P {1H} NMR (121 MHz, CDCl3): δ = –15.76; HRMS 
(FAB+): m/z calcd. for C44H48NO2P2Si (M+H+): 712.2930; found: 712.2924. 
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Bis(3-(diphenylphosphino)-4-methoxyphenyl)amine (4): To a solution of 12 (7.0 g, 9.8 mmol) in 
THF (80 mL) was added (n-Bu)4NF∙3H2O (5.3 g, 16.7 mmol) and the reaction mixture was stirred for 
20 h at room temperature. Then brine (50 mL) and toluene (80 mL) were added. The organic phase 
was dried over MgSO4 and concentrated under reduced pressure. The residue was washed with 
hexanes and purified by crystallization (methylene chloride/methanol) to give 4 in 62 % yield (3.6 g) 
as a white solid. 1H NMR (500 MHz, CDCl3): δ = 7.33-7.25 (m, 20H, H-arom), 6.90 (d, J = 6.5 Hz, 2H, 
H-arom), 6.72 (dd, J = 6.8 Hz, J = 4.5 Hz, 2H, H-arom), 6.22 (m, 2H, H-arom), 5.06 (bs, 1H, NH), 3.70 
(s, 6H, OCH3); 13C {1H} NMR (125 MHz, CDCl3): δ = 155.9 (d, J = 15.2 Hz, CO), 137.8 (CN), 136.8 (d, 
J = 11.1 Hz, CP), 134.0 (d, J = 19.9 Hz, CH), 128.7 (CH), 128.5 (d, J = 7.2 Hz, CH), 126.8 (d, J = 13.2 
Hz, CP), 123.8 (CH), 119.2 (CH), 111.6 (CH), 56.4 (OCH3); 31P {1H} NMR (121 MHz, CDCl3): δ =      
–15.03; IR (KBr, cm–1): 3416 (w), 3050 (w), 3012 (w), 2930 (w), 2831 (w), 1580 (m), 1475 (s), 1433 (s), 
1314 (m), 1278 (m), 1229 (s), 1180 (m), 1061 (m), 1016 (s), 804 (m), 768 (s), 746 (s), 694 (s); HRMS 
(FAB+): m/z calcd. for C38H34NO2P2 (M+H+): 598.2065; found: 598.2061; anal. calcd. for C38H33NO2P2: 
C 76.37, H 5.57, N 2.34; found: C 76.43, H 5.69, N 2.22. 
 
Bis[2-(diphenylphosphino)ethyl]amine hydrochloride (1): This compound was prepared according 
to a literature procedure.[28] Diphenylphosphine (7.45 g, 40.0 mmol) was added to a suspension of 
potassium tert-butoxide (7.01 g, 62.5 mmol) in THF (125 mL). The resulting deep red solution was 
stirred for 5 min and bis(2-chloroethyl)amine hydrochloride (3.57 g, 20.0 mmol) was added. The 
mixture was refluxed for 16 h, poured into hexanes (200 mL), and washed with 10 % NaOH (75 mL) 
and brine (75 mL). The organic phase was separated and stirred vigorously with 200 mL of 2 N 
aqueous HCl-solution, giving a white precipitate. Recrystallization of the collected precipitate from 
boiling acetonitrile (75 mL) gave 1 in 74 % yield (7.03 g) as a white powder. 1H NMR (300 MHz, 
CDCl3): δ = 10.01 (bs, 2H, NH.HCl), 7.41-7.26 (m, 20H, H-arom), 2.92 (m, 4H, CH2), 2.58 (m, 4H, 
CH2); 13C {1H} NMR (125 MHz, CDCl3): δ = 135.8 (d, J = 11.6 Hz, PC), 132.6 (d, J = 19.7 Hz, CH), 
129.2 (CH), 128.7 (d, J = 6.9 Hz, CH), 44.2 (d, J = 26.5 Hz, CH2), 23.7 (d, J = 15.6 Hz, CH2); 31P {1H} 
NMR (121 MHz, CDCl3): δ = –19.00. 
 
Methyl 4-(bis(2-(diphenylphosphino)ethyl)amino)-4-oxobutanoate (13): To a mixture of 1 (4.0 g, 
8.4 mmol) and triethylamine (5.4 mL, 38.5 mmol) in methylene chloride (80 mL) was added methyl 4-
chloro-4-oxobutyrate (1.39 g, 9.2 mmol) in methylene chloride (10 mL). The resulting deep red 
solution was stirred for 16 h at room temperature and subsequently washed with 2 M HCl (2 × 40 mL) 
and 0.1 M NaOH (40 mL). The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. Purification by flash silica gel chromatography (2 % MeOH in CH2Cl2) gave 13 in 81 % yield 
(3.78 g) as a yellowish oil. 1H NMR (300 MHz, CDCl3): δ = 7.42-7.30 (m, 20H, H-arom), 3.68 (s, 3H, 
CH3), 3.43 (m, 2H, CH2), 3.29 (m, 2H, CH2), 2.57 (t, J = 6.6 Hz, 2H, CH2), 2.29 (m, 6H, CH2); 13C {1H} 
NMR (125 MHz, CDCl3): δ = 173.3 (COO), 170.4 (NCO), 137.7 (d, J = 12.1 Hz, PC), 137.1 (d, J = 12.2 
Hz, PC), 132.5 (d, J = 26.3 Hz, CH), 128.5 (d, J = 6.9 Hz, CH), 128.4 (d, J = 6.9 Hz, CH), 51.5 (OCH3), 
45.1 (d, J = 26.0 Hz, CH2), 43.7 (d, J = 23.6 Hz, CH2), 28.9 (CH2), 27.8 (d, J = 15.6 Hz, CH2), 27.7 
(CH2), 26.3 (d, J = 15.5 Hz, CH2); 31P {1H} NMR (121 MHz, CDCl3): δ = –18.84, –20.35; HRMS 
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(FAB+): m/z calcd. for C33H36NO3P2 (M+H+): 556.2170; found: 556.2169; anal. calcd. for C33H35NO3P2: 
C 71.34, H 6.35, N 2.52; found: C 71.26, H 6.35, N 2.46. 
 
4-(Bis(2-(diphenylphosphino)ethyl)amino)-4-oxobutanoic acid (14): LiOH·H2O (0.33 g, 7.9 mmol) 
in water (10 mL) was added to 13 (2.0 g, 3.6 mmol) in THF (20 mL). After stirring for 1 h additional 
water (10 mL) was added. The organic solvent was removed under reduced pressure and the 
remaining solution was treated with 2 M HCl (5 mL). The white precipitate was collected and dried in 
vacuo, yielding 14 as a white powder (88 %, 1.59 g). 1H NMR (300 MHz, CDCl3): δ = 7.33-7.17 (m, 
20H, H-arom), 3.29 (m, 2H, CH2), 3.08 (m, 2H, CH2), 2.35 (m, 2H, CH2), 2.27 (m, 4H, CH2), 2.06 (m, 
2H, CH2); 13C {1H} NMR (125 MHz, CDCl3): δ = 175.8 (COO), 172.1 (NCO), 136.9 (m, PC), 136.4 (m, 
PC), 132.9 (d, J = 18.1 Hz, CH), 129.4 (CH), 129.0 (CH), 128.9 (CH), 45.7 (d, J = 25.3 Hz, CH2), 44.1 
(d, J = 22.0 Hz, CH2), 29.9 (CH2), 28.0 (CH2), 27.9 (d, J = 10.2 Hz, CH2), 26.1 (d, J = 9.7 Hz, CH2); 31P 
{1H} NMR (121 MHz, CDCl3): δ = –19.09, –20.41.[41] 
 
(S)-Methyl 2-(4-(bis(2-(diphenylphosphino)ethyl)amino)-4-oxobutanamido)-3-methylbutanoate 
(15): This compound was prepared according to a literature procedure with minor changes.[19] To a 
solution of diphosphine 14 (0.40 g, 0.74 mmol) in methylene chloride (10 mL) were added L-valine 
methyl ester hydrochloride (0.12 g, 0.74 mmol), Et3N (0.21 mL, 1.48 mmol) and EDC (0.21 g, 1.11 
mmol). After stirring for 16 h at room temperature, the mixture was washed with brine (10 mL). The 
organic phase was dried over Na2SO4 and concentrated under reduced pressure. The residue was 
purified by silica gel column chromatography (5 % methanol in methylene chloride), to afford 15 as a 
colorless oil (91 %, 0.44 g). [ ]20

Da = +8.5 ° (c 1.0, CHCl3);  1H NMR (300 MHz, CD2Cl2): δ = 7.43-7.32 
(m, 20H, H-arom), 6.83 (d, J = 8.0 Hz, 1H, NH), 4.46 (m, 1H, Hα), 3.70 (s, 3H, OCH3), 3.44 (m, 2H, 
CH2), 3.33 (m, 2H, CH2), 2.50 (t, J = 6.5 Hz, 2H, CH2), 2.39 (t, J = 6.5 Hz, 2H, CH2), 2.32 (m, 4H, 
CH2), 2.16 (m, 1H, Hβ), 0.95 (d, J = 3.0 Hz, 3H, CH3), 0.93 (d, J = 3.6 Hz, 3H, CH3); 13C {1H} NMR 
(125 MHz, CD2Cl2): δ = 172.9 (CO), 172.8 (CO), 171.8 (CO), 138.8 (m, PC), 138.1 (m, PC), 133.2 (d, J 
= 3.0 Hz, CH), 133.1 (d, J = 3.0 Hz, CH), 129.5 (CH), 129.2 (CH), 129.1 (CH), 128.9 (d, J = 6.8 Hz, 
CH), 57.7 (Cα), 52.3 (OCH3), 45.7 (d, J = 26.1 Hz, CH2), 44.3 (d, J = 24.9 Hz, CH2), 31.8 (CH2), 31.6 
(Cβ), 29.2 (CH2), 28.3 (CH2), 28.2 (CH2), 26.8 (d, J = 13.9 Hz, CH2), 19.4 (CH3), 18.2 (CH3); 31P {1H} 
NMR (202 MHz, CD2Cl2): δ = –19.67, –20.75; HRMS (FAB+): m/z calcd. for C38H45N2O4P2 (M+H+): 
655.2855; found: 655.2858. 
 
Methyl 4-[bis(3-(diphenylphosphino)phenyl)amino]-4-oxobutanoate (16): Sodium hydride (0.12 g, 
60 % in mineral oil, 3.0 mmol) was added to a solution of 3 (0.81 g, 1.5 mmol) in THF (30 mL) and 
the reaction mixture was stirred for 16 h at reflux temperature. The solution was cooled to room 
temperature and methyl 4-chloro-4-oxobutyrate (0.45 g, 3.0 mmol) was added. The reaction mixture 
was stirred another 16 h at reflux temperature. After cooling to room temperature, the solution was 
diluted with toluene (40 mL) and washed with brine (40 mL). The organic layer was dried over MgSO4 
and concentrated under reduced pressure. The obtained yellow oil was washed with hexanes and 
purification by silica gel column chromatography (4 % MeOH in methylene chloride) gave 16 in 42 % 
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yield (0.41 g) as a white solid. 1H NMR (300 MHz, CD2Cl2): δ = 7.36-7.28 (m, 28H, H-arom.), 3.43 (s, 
3H, OMe), 2.57 (t, J = 6.6 Hz, 2H, CH2), 2.42 (t, J = 6.6 Hz, 2H, CH2); 13C {1H} NMR (75 MHz, 
CD2Cl2): δ = 173.5 (COO), 171.6 (NCO), 143.2 (m, CN), 137.2 (m, PC), 134.3 (CH), 134.0 (CH), 129.5 
(CH), 129.2 (CH), 129.1 (CH), 52.1 (OCH3), 30.9 (CH2), 29.8 (CH2); 31P {1H} NMR (121 MHz, 
CD2Cl2): δ = –4.18; HRMS (FAB+): m/z calcd. for C41H36NO3P2 (M+H+): 652.2170; found: 652.2171; 
anal. calcd. for C41H35NO3P2: C 75.57, H 5.41, N 2.15; found: C 75.46, H 5.36, N 2.20. 
 
4-[Bis(3-(diphenylphosphino)phenyl)amino]-4-oxobutanoic acid (17): To a solution of 16 (0.32 g, 
0.49 mmol) in THF (5 mL) was added LiOH·H2O (0.023 g, 0.54 mmol) in water (5 mL). The reaction 
mixture was allowed to stir for 16 h at 60 °C. After cooling to room temperature, additional water (5 
mL) was added. THF was removed under reduced pressure and the remaining solution was treated 
with 2 M HCl (5 mL). The white precipitate was filtered off and purified by silica gel column 
chromatography (5 % MeOH in CH2Cl2) yielding 17 as a colourless oil (66 %, 0.21 g). 1H NMR (300 
MHz, CD2Cl2): δ = 7.65-7.43 (m, 6H, H-arom.), 7.30-7.22 (m, 22H, H-arom), 2.52 (t, J = 6.0 Hz, 2H, 
CH2), 2.39 (t, J = 6.0 Hz, 2H, CH2); 13C {1H} NMR (75 MHz, CD2Cl2): δ = 175.5 (COO), 172.3 (NCO), 
142.9 (m, CN), 137.2 (m, PC), 134.2 (CH), 133.9 (CH), 132.5 (CH), 129.4 (CH), 129.1 (CH), 30.9 
(CH2), 30.1 (CH2); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –4.16; HRMS (FAB+): m/z calcd. for 
C40H34NO3P2 (M+H+): 638.2014; found: 638.2018. 
 
(S)-Methyl-2-[4-(bis(3-(diphenylphosphino)phenyl)amino)-4-oxobutanamido]-3-methylbutanoate 
(18): Following the procedure as described for the synthesis of compound 15, diphosphine 18 was 
obtained starting from 17 (0.32 g, 0.50 mmol) and L-valine methyl ester hydrochloride (84 mg, 0.50 
mmol). Purification by silica gel column chromatography (2 % methanol in methylene chloride) gave 
18 in 78 % yield (0.29 g) as a white solid. [ ]20

Da = +3.4 ° (c 1.0, CHCl3); 1H NMR (500 MHz, CD2Cl2): δ 
= 7.36-7.19 (m, 28H, H-arom), 6.37 (d, J = 8.5 Hz, 1H, NH), 4.46 (dd, J = 9.0 Hz, J = 5.5 Hz, 1H, Hα), 
3.70 (s, 3H, OCH3), 2.49 (m, 4H, CH2), 2.12 (m, 1H, Hβ), 0.93 (d, J = 6.5 Hz, 3H, CH3), 0.90 (d, J = 6.5 
Hz, 3H, CH3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 172.9 (CO), 172.3 (CO), 172.2 (CO), 143.4 (m, 
CN), 137.3 (m, PC), 134.3 (CH), 134.1 (CH), 129.5 (CH), 129.2 (CH), 129.1 (CH), 57.7 (Cα), 52.4 
(OCH3), 31.9 (CH2), 31.7 (CH2), 31.6 (Cβ), 19.3 (CH3), 18.2 (CH3); 31P {1H} NMR (121 MHz, CD2Cl2): 
δ = –4.11; HRMS (FAB+): m/z calcd. for C46H45N2O4P2 (M+H+): 751.2855; found: 751.2846; anal. 
calcd. for C46H44N2O4P2: C 73.59, H 5.91, N 3.73; found: C 73.32, H 5.78, N 3.59. 
 
Methyl 4-[bis(3-(diphenylphosphino)-4-methoxyphenyl)amino]-4-oxobutanoate (19): Sodium 
hydride (0.066 g, 60 % in mineral oil, 1.66 mmol) was added to a solution of 4 (0.49 g, 0.82 mmol) in 
THF (20 mL) and the reaction mixture was stirred for 2 h at reflux temperature. The solution was 
cooled to room temperature and methyl 4-chloro-4-oxobutyrate (0.25 g, 1.64 mmol) was added. The 
reaction mixture was stirred another 2 h at reflux temperature. After cooling to room temperature, the 
solution was diluted with toluene (10 mL) and washed with brine (10 mL). The organic phase was 
dried over MgSO4 and concentrated under reduced pressure. The obtained yellow oil was washed with 
hexanes. Purification by silica gel column chromatography (40 % ethyl acetate in light petroleum) 
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gave 19 in 81 % yield (0.47 g) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 7.30-7.18 (m, 20H, H-
arom), 6.98 (m, 1H, H-arom), 6.79 (m, 2H, H-arom), 6.31 (m, 2H, H-arom), 3.76 (bs, 3H, OCH3), 
3.71 (bs, 3H, OCH3), 3.63 (s, 3H, OCH3), 2.53 (t, J = 7.0 Hz, 2H, CH2), 2.31 (t, J = 7.0 Hz, 2H, CH2); 
13C {1H} NMR (125 MHz, CDCl3): δ = 173.1 (COO), 171.3 (NCO), 160.0 (d, J = 12.6 Hz, CO), 158.7 
(d, J = 15.2 Hz, CO), 136.1 (m, CN, CP), 133.7 (m, CH), 133.1 (CH), 131.8 (d, J = 10.1 Hz, CH), 130.9 
(CH), 129.9 (CH), 128.9 (CH), 128.4 (m, CH), 128.0 (CH), 125.8 (d, J = 10.9 Hz, CP), 110.9 (CH), 
110.2 (CH), 56.0 (OCH3), 51.7 (OCH3), 30.1 (CH2), 29.4 (CH2); 31P {1H} NMR (121 MHz, CDCl3): δ = 
–14.97, –15.71; IR (KBr, cm–1): 3050 (w), 2998 (w), 2944 (w), 2838 (w), 1738 (s), 1670 (s), 1586 (m), 
1479 (s), 1434 (s), 1404 (m), 1284 (m), 1240 (s), 1175 (m), 1067 (m), 1023 (s), 743 (s), 695 (s); HRMS 
(FAB+): m/z calcd. for C43H40NO5P2 (M+H+): 712.2382; found: 712.2387; anal. calcd. for C43H39NO5P2: 
C 72.56, H 5.52, N 1.97; found: C 72.86, H 5.48, N 2.00. 
 
4-[Bis(3-(diphenylphosphino)-4-methoxyphenyl)amino]-4-oxo-butanoic acid (20): To a solution 
of compound 19 (0.35 g, 0.49 mmol) in THF (5 mL) was added LiOH·H2O (0.023 g, 0.54 mmol) in 
water (2 mL). After stirring for 1 h additional water (2 mL) was added. THF was removed under 
reduced pressure and the remaining solution was treated with 2 M HCl (5 mL). The white precipitate 
was filtered off and purified by silica gel column chromatography (ethyl acetate) yielding 20 as a white 
solid (46 %, 0.16 g). 1H NMR (500 MHz, CDCl3): δ = 7.32-7.20 (m, 20H, H-arom), 6.97 (m, 1H, H-
arom), 6.80 (m, 2H, H-arom), 6.36 (m, 1H, H-arom), 6.29 (m, 1H, H-arom), 3.75 (bs, 3H, OCH3), 
3.71 (bs, 3H, OCH3), 2.57 (t, J = 6.5 Hz, 2H, CH2), 2.33 (t, J = 6.5 Hz, 2H, CH2); 13C {1H} NMR (125 
MHz, CDCl3): δ = 177.5 (COO), 171.9 (NCO), 160.3 (d, J = 12.7 Hz, CO), 159.1 (d, J = 15.7 Hz, CO), 
135.9 (m, CN, CP), 133.9 (m, CH), 133.2 (CH), 132.0 (d, J = 10.6 Hz, CH), 131.2 (CH), 129.9 (CH), 
129.6 (CH), 128.7 (m, CH), 128.2 (CH), 126.2 (d, J = 10.9 Hz, CP), 123.8 (CH), 119.2 (CH), 111.2 
(CH), 110.5 (CH), 56.1 (OCH3), 30.2 (CH2), 29.9 (CH2); 31P {1H} NMR (121 MHz, CDCl3): δ = –15.09, 
–15.31; HRMS (FAB+): m/z calcd. for C42H38NO5P2 (M+H+): 698.2225; found: 698.2222. 
 
(S)-Methyl 2-[4-(bis(3-(diphenylphosphino)-4-methoxy-phenyl)amino)-4-oxobutanamido]-3-
methylbutanoate (21): METHOD A. Following the procedure as described for the synthesis of 
compound 15, diphosphine 21 was obtained starting from 20 (25 mg, 35 μmol) and L-valine methyl 
ester hydrochloride (5.9 mg, 35 μmol). Crystallization from ethyl acetate/light petroleum afforded 21 
in 75 % yield (21 mg) as a white solid. METHOD B. Sodium hydride (24 mg, 60 % in mineral oil, 0.60 
mmol) was added to a solution of 4 (0.18 g, 0.29 mmol) in THF (10 mL) and the reaction mixture was 
stirred for 2 h at reflux temperature. The solution was cooled to room temperature and a solution of 
(S)-N-(4-chloro-4-oxobutanoyl)-valine methyl ester (0.15 g, 0.59 mmol), prepared from SOCl2 and 
valine derivative A, in THF (5 mL) was added. The reaction mixture was stirred another 16 h at reflux 
temperature. After cooling to room temperature, the solution was diluted with toluene (10 mL) and 
washed with brine (20 mL). The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. The obtained yellow oil was washed with hexanes. Purification by silica gel column 
chromatography (40 % ethyl acetate in light petroleum) gave 21 in 80 % yield (0.19 g) as a white solid. 
[ ]20

Da = +5.5 ° (c 2.0, CHCl3); 1H NMR (500 MHz, CDCl3): δ = 7.30-7.18 (m, 20H, H-arom), 6.99 (m, 
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2H, H-arom), 6.79 (m, 2H, H-arom), 6.36 (d, J = 9.0 Hz, 1H, NH), 6.29 (m, 2H, H-arom), 4.47 (dd, J = 
8.5 Hz, J = 5.0 Hz, 1H, Hα), 3.73 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 2.44 (m, 2H, 
CH2), 2.36 (m, 2H, CH2), 2.12 (m, 1H, Hβ), 0.89 (d, J = 7.0 Hz, 3H, CH3), 0.87 (d, J = 7.0 Hz, 3H, 
CH3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 172.6 (CO), 172.3 (CO), 172.2 (CO), 160.1 (m, CO), 
159.2 (m, CO), 136.4 (m, CN, CP), 133.9 (d. J = 19.9 Hz, CH), 129.1-128.3 (m, CH), 111.2 (CH), 110.5 
(CH), 57.3 (Cα), 56.2 (OCH3), 52.2 (OCH3), 31.8 (CH2), 31.3 (Cβ), 31.2 (CH2), 19.2 (CH3), 18.1 (CH2); 
31P {1H} NMR (202 MHz, CDCl3): δ = –15.23, –15.31; HRMS (FAB+): m/z calcd. for C48H49N2O6P2 
(M+H+): 811.3066; found: 811.3063; anal. calcd. for C48H48N2O6P2: C 71.10, H 5.97, N 3.45; found: C 
70.91, H 5.96, N 3.42 
 
(S)-N-(3-Carboxypropanoyl)-valine methyl ester (A): This compound was prepared according to a 
literature procedure used for the synthesis of a phenylalanine derivative.[42] Triethylamine (2.0 mL, 
14.34 mmol) was added to a solution of L-valine methyl ester hydrochloride (1.20 g, 7.16 mmol) in 
CH3CN (60 mL) at 0 °C, and the solution was left stirring for 15 min. A solution of succinic anhydride 
(0.76 g, 7.58 mmol) in CH3CN (40 mL) was added dropwise and the reaction mixture was stirred for 2 
h, keeping the temperature at 0 °C. The solvent was then removed under vacuum and the crude 
material was dissolved in ethyl acetate (60 mL), and washed with 0.5 M citric acid solution (30 mL) 
and brine (2 × 50 mL). The organic phase was dried over Na2SO4 and the solvent removed in vacuo to 
afford A (1.18 g, 71%) as a colorless oil. 1H NMR (300 MHz, CDCl3): δ = 6.50 (d, J = 8.7 Hz, 1H, NH), 
4.53 (dd, J = 8.7 Hz, J = 4.8 Hz, 1H, Hα), 3.72 (s, 3H, OCH3), 2.68 (m, 2H, CH2), 2.56 (m, 2H, CH2), 
2.23 (m, 1H, Hβ), 0.90 (d, J = 6.9 Hz, 3H, CH3), 0.87 (d, J = 7.2 Hz, 3H, CH3); 13C {1H} NMR (75 MHz, 
CDCl3): δ = 177.0 (CO), 173.0 (CO), 172.3 (CO), 57.5 (Cα), 52.5 (OCH3), 31.5 (Cβ), 30.9 (CH2), 29.7 
(CH2), 29.1 (CH3), 18.0 (CH3). 
 
Methyl 4-[4,6-bis(diphenylphosphino)-phenoxazin-10-yl]-4-oxo-butanoate (22): Sodium hydride 
(0.15 g, 60 % in mineral oil, 3.66 mmol) was added to a solution of 2 (1.0 g, 1.81 mmol) in THF (40 
mL) and this solution was stirred for 1 h at reflux temperature. The resulting red solution was cooled 
to room temperature and methyl 4-chloro-4-oxobutyrate (0.55 g, 3.62 mmol) was added. The solution 
was stirred another 16 h at reflux temperature. After cooling to room temperature, the resulting 
yellow solution was diluted with toluene (40 mL) and washed with brine (40 mL). The organic layer 
was dried over MgSO4 and concentrated under reduced pressure. The obtained yellow oil was washed 
with hexanes. Purification by crystallization (methylene chloride/methanol) gave 22 in 66 % yield 
(0.80 g) as a pale yellow solid. 1H NMR (500 MHz, CDCl3): δ = 7.50 (d, J = 8.0 Hz, 2H, H-arom), 7.31-
7.22 (m, 20H, H-arom.), 7.02 (t, J = 7.7 Hz, 2H, H-arom), 6.58 (dd, J = 7.7 Hz, J = 1.3 Hz, 2H, H-
arom), 3.61 (s, 3H, OMe), 2.92 (t, J = 6.7 Hz, 2H, CH2), 2.69 (t, J = 6.7 Hz, 2H, CH2); 13C {1H} NMR 
(125 MHz, CDCl3): δ = 173.0 (COO), 170.8 (NCO), 153.0 (t, J = 20.2 Hz, CO), 136.1 (t, J = 11.4 Hz, 
PC), 134.0 (t, J = 21.1 Hz, CH), 131.1 (CH), 128.6 (CH), 128.3 (d, J = 7.2 Hz, CH), 127.3 (t, J = 21.5 
Hz, CH), 125.6 (CH), 123.5 (CH), 51.8 (OCH3), 29.4 (CH2); 31P {1H} NMR (121 MHz, CDCl3): δ =      
–16.97; IR (KBr, cm–1): 3065 (w), 3053 (w), 3001 (w), 2950 (w), 1743 (s), 1687 (s), 1578 (s), 1460 (s), 
1412 (s), 1370 (s), 1318 (s), 1270 (m), 1223 (s), 1176 (m), 1069 (m), 1025 (s), 745 (s), 696 (s); HRMS 
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(FAB+): m/z calcd. for C41H34NO4P2 (M+H+): 666.1963; found: 666.1953; anal. calcd. for C41H33NO4P2: 
C 73.98, H 5.00, N 2.10; found: C 73.86, H 5.08, N 1.97. 
 
Methyl 3-[4,6-bis(diphenylphosphino)-phenoxazin-10-yl]propionate (23): This compound was 
prepared according to a literature procedure.[35] To a stirred suspension of Nixantphos (1.0 g, 1.81 
mmol) and methyl acrylate (3.4 mL, 37.9 mmol) was added a solution of NBu4Br (0.079 g, 0.25 mmol) 
and sodium methoxide (0.015 g, 0.28 mmol) in methanol (1.0 mL). The mixture was heated and 
stirred under reflux for 16 h. Water (20 mL) was added and the mixture was extracted with methylene 
chloride (3 × 10 mL). The combined organic phases were dried over MgSO4, filtered and concentrated 
in vacuo. Crystallization (methylene chloride/methanol) yielded 0.86 g (75 %) of 23 as an off-white 
solid. 1H NMR (500 MHz, CDCl3): δ = 7.26-7.21 (m, 20H, H-arom.), 6.71 (t, J = 8.0 Hz, 2H, H-arom), 
6.54 (d, J = 8.0 Hz, 2H, H-arom), 6.07 (d, J = 8.0 Hz, 2H, H-arom), 3.92 (t, J = 7.8 Hz 2H, CH2), 3.75 
(s, 3H, OCH3), 2.74 (t, J = 7.8 Hz, 2H, CH2); 13C {1H} NMR (125 MHz, CDCl3): δ = 171.8 (COO), 
147.0 (t, J = 21.2 Hz, CO), 136.8 (t, J = 12.7 Hz, PC), 133.8 (t, J = 20.6 Hz, CH), 132.4 (CN), 128.2 
(CH), 128.1 (t, J = 6.4 Hz, CH), 125.6 (CH), 125.1 (t, J = 19.4 Hz, Cq), 123.8 (CH), 111.6 (CH), 51.9 
(CH3), 40.0 (CH2), 29.7 (CH2); 31P {1H} NMR (121 MHz, CDCl3): δ = –17.63. 
 
3-[4,6-Bis(diphenylphosphino)phenoxazin-10-yl]propanoic acid (24): To a solution of 23 (0.61 g, 
0.96 mmol) in THF (10 mL) was added LiOH·H2O (0.044 g, 1.05 mmol) in water (5 mL). After 
stirring for 1 h, additional water (5 mL) was added. THF was removed under reduced pressure and 
the remaining solution was treated with 2 M HCl (5 mL). The white precipitate was filtered off and 
recrystallized from CH2Cl2/MeOH yielding 24 as a white solid (0.55 g, 92 %). 1H NMR (500 MHz, 
CDCl3): δ = 7.13-7.02 (m, 20H, H-arom), 6.57 (t, J = 8.0 Hz, 2H, H-arom), 6.43 (d, J = 7.5 Hz, 2H, H-
arom), 5.90 (dd, J = 8.0 Hz, J = 1.5 Hz, 2H, H-arom), 3.76 (m, 2H, CH2), 2.56 (m, 2H, CH2); 13C {1H} 
NMR (125 MHz, CDCl3): δ = 173.7 (COOH), 147.1 (t, J = 20.7 Hz, CO), 136.1 (t, J = 11.4 Hz, PC), 
133.8 (t, J = 20.4 Hz, CH), 132.6 (CN), 128.4 (CH), 128.2 (t, J = 6.8 Hz, CH), 125.5 (CH), 125.1 (t, J = 
18.9 Hz, Cq), 124.0 (CH), 111.8 (CH), 40.0 (CH2), 29.7 (CH2); 31P {1H} NMR (121 MHz, CDCl3): δ = –
16.42; IR (KBr, cm–1): 3070 (w), 2920 (w), 1745 (s), 1580 (s), 1555 (s), 1464 (s), 1420 (s), 1382 (s), 1346 
(m), 1280 (m), 1224 (s), 1178 (m), 1096 (m), 746 (s), 693 (s); HRMS (FAB+): m/z calcd. for 
C39H32NO3P2 (M+H+): 624.1857; found: 624.1843; anal. calcd. for C39H31NO3P2: C 75.11, H 5.01, N 
2.25; found: C 74.98, H 5.09, N 2.20. 
 
(S)-Methyl 2-[3-(4,6-bis(diphenylphosphino)-phenox-azin-10-yl)propanamido]-3-methylbutano-
ate (25): Following the procedure as described for the synthesis of compound 15, phenoxazine 25 was 
obtained starting from diphosphine 24 (0.17 g, 0.27 mmol) and L-valine methyl ester hydrochloride 
(45 mg, 0.27 mmol). Purification by silica gel column chromatography (2 % methanol in methylene 
chloride) gave 25 in 45 % yield (89 mg) as a white solid. [ ]20

Da = +9.8 ° (c 1.0, CHCl3); 1H NMR (500 
MHz, CD2Cl2): δ = 7.33-7.23 (m, 20H, H-arom), 6.73 (t, J = 8.0 Hz, 2H, H-arom), 6.63 (d, J = 8.0 Hz, 
2H, H-arom), 6.18 (d, J = 8.5 Hz, 1H, NH), 6.05 (dd, J = 7.5 Hz, J = 1.5 Hz, 2H, H-arom), 4.55 (dd, J = 
8.5 Hz, J = 5.0 Hz, 1H, Hα), 3.94 (m, 2H, CH2), 3.72 (s, 3H, OCH3), 2.64 (t, J = 7.5 Hz, 2H, CH2), 2.14 
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(m, 1H, Hβ), 0.94 (d, J = 6.5 Hz, 3H, CH3), 0.92 (d, J = 6.5 Hz, 3H, CH3); 13C {1H} NMR (125 MHz, 
CD2Cl2): δ = 172.8 (CO), 170.8 (CO), 147.5 (t, J = 21.1 Hz, CO), 137.5 (t, J = 12.7 Hz, PC), 134.4 (t, J = 
21.1 Hz, CH), 133.4 (t, J = 3.8 Hz, CN), 129.0 (CH), 128.8 (t, J = 6.7 Hz, CH), 125.9 (CH), 125.4 (t, J = 
19.0 Hz, Cq), 124.4 (CH), 112.6 (CH), 57.8 (Cα), 52.6 (OCH3), 40.9 (CH2), 32.4 (CH2), 31.8 (Cβ), 19.2 
(CH3), 18.3 (CH3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –18.11; HRMS (FAB+): m/z calcd. for 
C45H43N2O4P2 (M+H+): 737.2698; found: 737.2695. 
 
2-(1,3-Dioxoisoindolin-2-yl)-N,N-bis(2-(diphenylphosphino)ethyl) acetamide (26): To a mixture 
of diphosphine 1 (0.48 g, 1.0 mmol) and triethylamine (0.65 mL, 4.6 mmol) in methylene chloride (20 
mL) was added phthalylglycyl chloride (0.25 g, 1.1 mmol). The reaction mixture was stirred for 16 h at 
room temperature and then washed with degassed water (10 mL). The organic phase was dried over 
MgSO4 and concentrated under reduced pressure. The residue was purified by silica gel flash column 
chromatography (1 % methanol in methylene chloride) to afford 26 in 68 % yield (0.43 g) as an off-
white solid. 1H NMR (500 MHz, CD2Cl2): δ = 7.87 (m, 2H, H-arom), 7.76 (m, 2H, H-arom), 7.49-7.33 
(m, 20H, H-arom), 4.13 (s, 2H, CH2), 3.36 (m, 4H, CH2), 2.33 (m, 4H, CH2); 13C {1H} NMR (125 MHz, 
CD2Cl2): δ = 168.3 (CO), 165.4 (CO), 138.6 (d, J = 12.7 Hz, PC), 137.9 (d, J = 12.6 Hz, PC), 134.6 
(CH), 133.3 (d, J = 12.3 Hz, CH), 133.1 (d, J = 12.3 Hz, CH), 132.8 (Cq), 129.6 (CH), 129.3 (d, J = 7.2 
Hz, CH), 129.2 (CH), 129.1 (d, J = 6.8 Hz, CH), 123.8 (CH), 45.1 (d, J = 26.6 Hz, CH2), 44.5 (d, J = 
24.9 Hz, CH2), 39.4 (CH2), 28.4 (d, J = 15.2 Hz, CH2), 26.6 (d, J = 13.8 Hz, CH2); 31P {1H} NMR (121 
MHz, CD2Cl2): δ = –19.28, –20.64; HRMS (FAB+): m/z calcd. for C38H35N2O3P2 (M+H+): 629.2123; 
found: 629.2116; anal. calcd. for C38H34N2O3P2: C 72.60, H 5.45, N 4.46; found: C 72.49, H 5.48, N 
4.60. 
 
2-Amino-N,N-bis(2-(diphenylphopshino)ethyl)acetamide (27): To a suspension of 26 (0.34 g, 0.54 
mmol) in methanol (10 mL) was added hydrazine monohydrate (53 μL, 1.08 mmol). The reaction 
mixture was stirred for 16 h at room temperature and then concentrated under reduced pressure. To 
the residue was added methylene chloride (10 mL). The precipitates were filtered off and the filtrate 
was concentrated in vacuo. The residue was purified by silica gel flash column chromatography (4 % 
methanol in methylene chloride) to afford 27 in 74 % yield (0.20 g) as a colourless oil. 1H NMR (500 
MHz, CD2Cl2): δ = 7.60-7.34 (m, 20H, H-arom), 3.48 (m, 2H, CH2), 3.23 (m, 2H, CH2), 3.11 (s, 2H, 
CH2), 2.30 (m, 4H, CH2); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 172.6 (CO), 138.8 (d, J = 13.1 Hz, 
PC), 138.0 (d, J = 12.7 Hz, PC), 133.1 (d, J = 19.0 Hz, CH), 129.5 (CH), 129.2 (CH), 129.1 (d, J = 5.2 
Hz, CH), 129.0 (d, J = 6.8 Hz, CH), 44.4 (d, J = 26.3 Hz, CH2), 44.1 (d, J = 24.0 Hz, CH2), 43.5 (CH2), 
28.2 (d, J = 15.2 Hz, CH2), 26.8 (d, J = 13.8 Hz, CH2); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –19.47,   
–20.50; HRMS (FAB+): m/z calcd. for C30H33N2OP2 (M+H+): 499.2068; found: 499.2068; anal. calcd. 
for C30H32N2OP2: C 72.28, H 6.47, N 5.62; found: C 72.32, H 6.43, N 5.68. 
 
(S)-(9H-Fluorenyl)methyl 1-(2-(bis(2-(diphenylphosphino)ethyl)amino)-2-oxoethylamino)-1-
oxopropan-2-ylcarbamate (28): To a solution of 27 (0.20 g, 0.40 mmol) and Fmoc-Ala-OH (0.15 g, 
0.48 mmol) in methylene chloride (10 mL) was added EDC (92 mg, 0.48 mmol). The reaction mixture 
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was stirred for 16 h at room temperature and then washed with brine (10 mL). The organic phase was 
dried over Na2SO4 and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (2 % methanol in CH2Cl2) to afford 28 in 69 % yield (0.22 g) as white solid. [ ]20

Da = 
+1.2 ° (c 1.0, CHCl3); 1H NMR (500 MHz, CD2Cl2): δ = 7.78 (d, J = 7.5 Hz, 2H, H-arom), 7.62 (d, J = 
7.5 Hz, 2H, H-arom), 7.39-7.31 (m, 24H, H-arom), 6.85 (bs, 1H, NH), 5.50 (d, J = 8.0 Hz, 1H, NH), 
4.38 (d, J = 7.5 Hz, 2H, CH2), 4.24 (t, J = 7.0 Hz, 2H, CH2), 3.77 (dq, J = 17.5 Hz, J = 4.0 Hz, 1H, Hα), 
3.41 (m, 2H, CH2), 3.22 (m, 2H, CH2), 2.25 (m, 4H, CH2), 1.38 (d, J = 7.0 Hz, 3H, CH3); 13C {1H} NMR 
(125 MHz, CD2Cl2): δ = 172.4 (CO), 167.8 (CO), 156.3 (CO), 144.6 (d, J = 10.6 Hz, Cq), 141.8 (Cq), 
138.6 (d, J = 13.1 Hz, PC), 137.8 (d, J = 13.4 Hz, PC), 133.1 (d, J = 18.1 Hz, CH), 129.7 (CH), 129.3 
(CH), 129.3 (d, J = 6.7 Hz, CH), 129.1 (d, J = 6.7 Hz, CH), 128.2 (CH), 127.6 (CH), 125.7 (CH), 120.5 
(CH), 67.4 (CH2), 51.1 (CH), 47.8 (CH), 44.8 (d, J = 25.6 Hz, CH2), 44.2 (d, J = 24.5 Hz, CH2), 41.7 
(CH2), 28.1 (d, J = 15.6 Hz, CH2), 26.6 (d, J = 14.5 Hz, CH2), 19.3 (CH3); 31P {1H} NMR (121 MHz, 
CD2Cl2): δ = –19.66, –20.91; HRMS (FAB+): m/z calcd. for C48H48N3O4P2 (M+H+): 792.3120; found: 
792.3124; anal. calcd. for C48H47N3O4P2: C 72.81, H 5.98, N 5.31; found: C 72.65, H 5.94, N 5.28. 
 
(S)-(9H-Fluorenyl)methyl 1-chloro-1-oxopropan-2-ylcarbamate, Fmoc-Ala-Cl (B): Compound B 
was prepared according to a literature procedure.[43] A suspension of N-Fmoc-L-alanine (1.0 g, 3.2 
mmol) in methylene chloride (15 mL) was treated with freshly distilled thionyl chloride (2.0 mL, 27.6 
mmol). The mixture was stirred for 2 h at reflux temperature. All volatiles were removed under 
reduced pressure and the residue was co-evaparted twice with methylene chloride (10 mL) to remove 
excess of thionyl chloride. Crystallization from a methylene chloride/hexanes mixture gave acid 
chloride B (0.88 g, 84 %) as a white solid. 1H NMR (300 MHz, CDCl3): δ = 7.77 (d, J = 7.5 Hz, 2H, H-
arom), 7.59 (dd, J = 8.5 Hz, J = 4.5 Hz, 2H, H-arom), 7.41 (t, J = 8.2 Hz, 2H, H-arom), 7.33 (t, J = 8.0 
Hz, 2H, H-arom), 5.21 (d, J = 8.0 Hz, 1H, NH), 4.61 (t, J = 7.5 Hz, 1H, CH), 4.46 (m, 2H, CH2), 4.23 (t, 
J = 6.6 Hz, 1H, Hα), 1.55 (d, J = 6.9 Hz, 3H, CH3). 
 
(S)-(9H-Fluorenyl)methyl 1-(bis(3-(diphenylphosphino)-4-methoxyphenyl)amino)-1-oxopropan-
2-ylcarbamate (29): Sodium hydride (0.044 g, 60 % in mineral oil, 1.10 mmol) was added to a 
solution of 4 (0.33 g, 0.55 mmol) in THF (20 mL) and this solution was stirred for 2 h at reflux 
temperature. After cooling to ambient temperature, a solution of acid chloride B (0.20 g, 0.60 mmol) 
in THF (10 mL) was added to the reaction mixture. The solution was stirred another 16 h at reflux 
temperature. After cooling to room temperature, the solution was diluted with toluene (40 mL) and 
washed with brine (40 mL). The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. The residue was purified by silica gel column chromatography (20 → 40 % ethyl 
acetate in light petroleum) to afford 29 in 61 % yield (0.30 g) as a white solid. [ ]20

Da = +68.6 ° (c 1.0, 
CHCl3); 1H NMR (500 MHz, CDCl3): δ = 7.77 (d, J = 7.5 Hz, 2H, H-arom), 7.59 (d, J = 7.5 Hz, 2H, H-
arom), 7.41 (t, J = 7.2 Hz, 2H, H-arom), 7.33-7.18 (m, 23H, H-arom), 7.09 (m, 1H, H-arom), 6.82 (dd, 
J = 8.5 Hz, J = 4.5 Hz, 2H, H-arom), 6.37 (bs, 1H, H-arom), 6.27 (bs, 1H, H-arom), 5.52 (d, J = 8.0 Hz, 
1H, NH), 4.36 (m, 1H, CH), 4.32 (m, 2H, CH2), 4.20 (t, J = 7.2 Hz, 1H, Hα), 3.77 (s, 3H, OCH3), 3.72 
(s, 3H, OCH3), 1.04 (d, J = 6.5 Hz, 3H, CH3); 13C {1H} NMR (125 MHz, CDCl3): δ = 173.3 (NCO), 



Chapter 4 

112 

160.7 (d, J = 14.3 Hz, CO), 159.2 (d, J = 14.7 Hz, CO), 155.6 (COO), 144.1 (Cq), 141.5 (Cq), 136.0 (m, 
CN, CP), 134.8 (Cq), 134.0 (CH), 133.9 (CH), 133.7 (CH), 133.4 (CH), 132.1 (d, J = 11.8 Hz, CH), 
131.1 (CH), 130.4 (CH), 129.2-128.6 (m, CH), 127.9 (CH), 127.3 (CH), 125.4 (CH), 125.4 (CH), 120.2 
(CH), 111.4 (CH), 110.6 (CH), 67.2 (CH2), 56.2 (OCH3), 53.6 (Cq), 48.2 (CH), 47.4 (CH), 19.0 (CH3); 
31P {1H} NMR (202 MHz, CDCl3): δ = –15.11, –15.72; IR (KBr, cm–1): 3050 (w), 3001 (w), 2935 (w), 
2836 (w), 1720 (s), 1668 (s), 1585 (m), 1478 (s), 1434 (s), 1391 (m), 1240 (s), 1179 (m), 1067 (m), 1025 
(s), 815 (m), 742 (s), 696 (s); HRMS (FAB+): m/z calcd. for C56H49N2O5P2 (M+H+): 891.3117; found: 
891.3114; anal. calcd. for C56H48N2O5P2: C 75.49, H 5.43, N 3.14; found: C 75.48, H 5.38, N 3.11. 
 
(S)-(9H-Fluorenyl)methyl 1-(bis(2-diphenylphosphinoethyl)amino)-1-oxopropan-2-ylcarbamate 
(30): To a mixture of diphosphine 1 (0.24 g, 0.50 mmol) and triethylamine (0.32 mL, 2.3 mmol) in 
methylene chloride (10 mL) was added a solution of acid chloride B (0.18 g, 0.55 mmol) in methylene 
chloride (2 mL). The reaction mixture was stirred for 16 h at room temperature and subsequently 
washed with brine (2 × 10 mL). The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. Purification by silica gel chromatography (CH2Cl2 → 3 % MeOH in CH2Cl2) gave 
30 in 41 % yield (0.15 g) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 7.79 (d, J = 7.5 Hz, 2H, H-
arom), 7.64 (t, J = 6.5 Hz, 2H, H-arom), 7.46-7.27 (m, 24H, H-arom), 5.79 (d, J = 7.5 Hz, 1H, NH), 
4.41 (m, 3H, H , CH2), 4.25 (t, J = 6.5 Hz, 1H, CH), 3.61 (m, 1H, CH2), 3.33 (m, 3H, CH2), 2.42 (m, 
1H, CH2), 2.31 (m, 3H, CH2), 1.19 (d, J = 6.5 Hz, 3H, CH3); 13C {1H} NMR (125 MHz, CDCl3): δ = 
172.3 (NCO), 155.6 (COO), 144.1 (d, J = 13.8 Hz, Cq), 141.4 (Cq), 137.9 (d, J = 12.3 Hz, CP), 137.7 (d, 
J = 12.2 Hz, CP), 137.3 (d, J = 12.3 Hz, CP), 136.8 (d, J = 12.3 Hz, CP), 133.0-132.6 (m, CH), 130.8 (d, J 
= 9.7 Hz, CH), 129.3-128.7 (m, CH), 127.8 (CH), 127.2 (CH), 125.3 (CH), 121.1 (CH), 120.1 (CH), 
119.9 (CH), 67.0 (CH2), 47.3 (CH), 47.1 (CH), 45.3 (d, J = 26.1 Hz, CH2), 44.0 (d, J = 24.9 Hz, CH2), 
28.2 (d, J = 15.6 Hz, CH2), 26.6 (d, J = 14.3 Hz, CH2), 19.3 (CH3); 31P {1H} NMR (121 MHz, CDCl3): δ 
= –17.49, –19.50; HRMS (FAB+): m/z calcd. for C46H45N2O3P2 (M+H+): 735.2905; found: 735.2901. 
 
General procedure for the asymmetric alkylation of 2-acetylcyclohexanone with cinnamyl acetate.  
A mixture of [Pd(η3-C3H5)Cl]2 (1.0 μmol) and ligand (2.2 μmol) in THF (1.0 mL) was stirred for 10 
minutes at room temperature. Cinnamyl acetate (0.3 mmol) was added to the solution. After another 
10 minutes, the solution was added to a suspension of 2-acetylcyclohexanone (0.2 mmol) and NaH 
(0.25 mmol) in THF (1.0 mL) at the appropriate temperature. The resulting suspension was stirred at 
the appropriate temperature for 20 h. After the addition of 1 M aqueous HCl (2.0 mL), the mixture 
was extracted twice with ethyl acetate (2.0 mL). The combined organic phases were dried over MgSO4. 
The conversion was determined by GC using a DB-1 (J&W) column. Purification by silica gel flash 
column chromatography (EtOAc/hexane = 1/3) afforded the product as a colourless oil. The 
enantiomeric excess of the product was determined by chiral HPLC analysis using a Chiralpak AD-H 
column (0.46 × 25 cm); with 1 % 2-propanol in n-hexane as eluent; flow rate = 0.5 mL.min–1; λ = 254 
nm; tR (R) = 16.1 min and tR (S) = 17.4 min.  
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Artificial Transition Metalloenzymes 
 

Photoactive Yellow Protein as a transition metal catalyst 
 
 
 
 
 
 
Abstract 
 
A strategy for the preparation of artificial transition metalloenzymes by site-selective 
incorporation of metal-binding phosphine ligands into the active site of the 
Photoactive Yellow Protein (PYP) is described. Photoactive Yellow Protein is a water-
soluble protein with a relatively low molecular weight that features a hydrophobic 
chromophore-binding pocket with a highly nucleophilic cysteine residue, Cys69, that 
can be covalently modified. Phosphine ligands bearing a carboxylic acid group and 
their corresponding transition metal complexes were coupled to Cys69 of PYP-mutant 
R52G. The successful coupling was shown by 31P NMR spectroscopy and ESI mass 
spectroscopy. The new hybrid catalysts were tested in hydrogenation, hydro-
formylation and allylic substitution reactions. 
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Introduction 
 
Enantioselective catalysis is one of the most efficient strategies for the preparation of 
enantiopure compounds. Catalytic reactions can be achieved by either chemocatalysis 
or biocatalysis. In the field of chemocatalysis, homogeneous catalysis with transition 
metals has received significant attention during the past decades and has proven useful 
and versatile in numerous enantioselective transformations.[1] Both the nature of the 
metal center and the coordinating ligand determine the properties of the catalyst.[2] The 
key to the success of organometallic catalysts lies in the relative ease of catalyst 
modification by changing the ligand environment. In biocatalysis, the use of enzymes 
for organic transformations has received increasing attention.[3] The excellent chemo- 
regio- and enantioselectivity and activity displayed by enzymes, in combination with 
the introduction of directed evolution methodologies for performance optimization[4] 
lie at the basis of this interest. Furthermore, enzymes offer an environment-friendly 
alternative to toxic chemical reagents and the field of green chemistry is, at present, 
enjoying a high level of attention from the scientific community.  

With the aim to combine the best of both homogeneous catalysis and biocatalysis, 
the development of artificial metalloenzymes has received new interest in the last 
decade.[5] The principle of the incorporation of a modified coenzyme analogue or a 
transition metal complex into a protein, was developed by Kaiser[6] and Whitesides[7] in 
the late 1970’s. In artificial transition metalloenzymes the catalytic activity stems 
mainly from the transition metal part, while the selectivity of the catalytic 
transformation is induced by the chiral environment of the protein.  

Phosphine ligands are an attractive class of ligands since the corresponding 
transition metal complexes are able to catalyze efficiently a variety of reactions such as 
olefin hydrogenation, hydroformylation and allylic substitution, as yet reactions not 
catalyzed by enzymes. In recent years several reports have been published on the 
successful non-covalent anchoring of phosphine ligands inside proteins[7,8,9] and 
antibodies[10] and the use of the resulting artificial metalloenzymes in asymmetric 
catalysis. The incorporation of phosphine ligands into the macromolecular host 
through a covalent linkage has been studied to a lesser extent. In 2002, Reetz and 
coworkers reported the covalent anchoring of a phosphine ligand within the active site 
of a lipase, but the obtained hybrid turned out to be hydrolytically unstable.[11] A 
general method for the covalent, site-selective introduction of phosphine ligands is 
desirable, as this would allow the functionalization of structurally diverse proteins with 
this important class of ligands.  

In this Chapter we report the successful site-selective covalent anchoring of a 
number of phosphine ligands and their transition metal complexes within a protein. 
The new artificial metalloenzymes have been evaluated in several types of asymmetric 
catalytic reactions. 



Artificial Transition Metalloenzymes 

119 

Results and Discussion 
 

Among the different classes of proteins, (i) transporters and (ii) enzymes are most 
frequently employed for the synthesis of artificial metalloenzymes. (i) Transporters are 
proteins capable of transporting small molecules and ions.[12] Proteins such as 
hemoglobin and myoglobin contain a heme group and are responsible for the transport 
of oxygen. The plasma protein serum albumin is known to transport a variety of metals 
and lipophilic molecules essential for maintaining the osmotic pressure. The proteins 
avidin and streptavidin possess high affinity for the vitamin biotin and are used in 
numerous biological studies. The replacement of these molecules with analogues that 
are catalytically active is the basis for the non-covalent anchoring approach towards 
artificial metalloenzymes. An advantage of this approach is the limited amount of 
protein manipulation required. On the downside, the number of proteins that display 
this kind of binding with sufficiently high affinity to ensure catalyst localization in the 
protein hosts is limited. As a result the design of non-covalent anchored artificial 
metalloenzymes is mainly restricted to the use of biotin- and heme-based ligands, 
posing significant restrictions on the structural diversity of the host proteins.  

(ii) Nearly all chemical transformations in biological systems are catalyzed by 
enzymes.[12] Enzymes have the capacity to specifically bind a very wide range of 
molecules. This binding is often with very high specificity and therefore the substrate 
diversity of many enzymes is low. By employing intermolecular forces, enzymes bring 
substrates together in an optimal orientation in the so-called active site. The active site 
contains catalytic groups which directly participate in the transformation reaction. The 
reactivity of these catalytic groups makes them practical anchors for the covalent 
introduction of transition metal complexes. The host protein should ideally contain 
only a single reactive residue which can be selectively modified, in a cavity large enough 
to accommodate the synthetic catalyst as well as the substrate in subsequent catalysis. A 
particularly attractive functional group to use for the covalent incorporation of 
synthetic catalysts is the thiol moiety originating from cysteine. 

Our study has focused on the use of the Photoactive Yellow Protein as scaffold for 
the preparation of artificial metalloenzymes.[13] Photoactive Yellow Protein is a water-
soluble, yellow protein, originally isolated from the bacterium Ectothiorhodospira (now: 
Halorhodospira) halophila.[14] This protein was found to have a relatively low molecular 
weight (15 kDa) and a strong absorbance peak at 446 nm. Subsequent analysis showed 
that the protein was photoactive, hence it was named Photoactive Yellow Protein 
(PYP).[15] Evidence was presented that in H. halophila PYP may function as the 
photoreceptor in the process of negative phototaxis[16] towards blue light.[17] By 
definition, photoreceptor proteins contain a light-absorbing chromophore, for PYP 
this is p-hydroxycinnamic acid.[18] In 1995, a crystal structure of the protein in the 
ground state was published (Figure 1),[19] revealing two hydrophobic cores: the smaller 



Chapter 5 

120 

of these is located at the N-terminus, while the larger contains the chromophore-
binding pocket. In this pocket, the chromophore is covalently bound through a thiol 
ester linkage to the single cysteine of the protein, Cys69.[20] In the following years, 
apoPYP[21] (i.e. the protein without its natural cofactor) has been reconstituted with 
various modified chromophores.[22,23]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Cartoon representation of the crystal structure of the Photoactive Yellow Protein (PDB ID 
1NWZ) with ♦ : Cys69 and ♠ : Arg52. 
 

In the PYP mutant R52G, the arginine at position 52 is replaced by a glycine.[24] This 
is expected to result in a more accessible cavity, since Arg52 is believed to shield the 
chromophore from the solvent (Figure 1).[25] The highly nucleophilic thiol group of 
Cys69 in combination with the hydrophobic binding-pocket make PYP-R52G an 
attractive scaffold for the covalent anchoring of transition metal complexes.  

In the preparation of artificial metalloenzymes the most commonly used 
thiolselective reagents are activated disulfides,[26] α-halogencarbonyls,[27] benzylic 
bromides[28] and N-alkyl maleimides.[11] The latter method is highly selective towards 
cysteine and results in a very stable thioether linkage, but it is known that phosphine 
compounds can add to the double bond of the maleimide to form ylides which 
complicates the synthesis of phosphine-containing metalloenzymes.[29] In PYP the 
chromophore is covalently bound through a thiol ester to Cys69. The apo-protein can 
be reconstituted in vitro with activated forms of the p-hydroxycinnamic acid 
chromophore; the use of the thiophenyl ester,[30] the anhydride[30] and the 
imidazolide[31] of p-hydroxycinnamic acid all lead to formation of the desired thioester 
linkage with the protein. Therefore we explored the use of carboxylic acid modified 

♠ 
♦
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phosphine ligands. Activation of the carboxyl group should allow the site-selective 
covalent attachment of the phosphine moiety to the protein.  

Among the various methods for the synthesis of tertiary phosphine ligands bearing 
functionalized aromatic substituents such as carboxyl groups, nucleophilic 
phosphination of fluoroaromatic compounds[32] and palladium-catalyzed cross-
coupling of primary and secondary phosphines with iodoaromatic compounds[33] are 
the most favorable procedures. In both cases, no introduction of protecting groups at 
the functionalities and at the phosphorus is necessary. While the nucleophilic 
phosphination reaction of fluoroaromatic compounds often requires the activation of 
the C-F bond by electron-withdrawing substituents in ortho or para position, this is not 
a prerequisite for Pd-catalyzed P-C cross-coupling. Phosphines 1–3 (Figure 2) are 
either commercially available or are readily obtained by palladium-catalyzed cross-
coupling of their iodoaromatic precursors and diphenylphosphine.[34] 
 
 
 
 
 
 
 
Figure 2: The phosphorus ligands 1 – 4. 
 

Since chelating diphosphines are known to display improved selectivities in several 
transition metal catalyzed reactions compared to monophosphine ligands, we also 
included bidentate ligand 4 for the covalent modification of PYP. Ligand 4 can be 
obtained via Whitesides’ procedure[35] or following the synthetic route as desribed in 
Chapter 4.  

We chose to use CDI-activated phosphine ligands for the protein functionalization 
(CDI = N,N’-carbonyldiimidazole). The only byproducts are imidazole and CO2, which 
are easily removed from the protein after coupling. As a test reaction we prepared 
model compound 5 (Scheme 1). Activation of the carboxyl group of benzoic acid 2 
using CDI followed by the addition of N-acetyl-L-cysteine methylester gave phosphine 
5 in high yield. The reaction did not affect the stereogenic center of the cysteine 
derivative and moreover, no oxidation of the phosphine moiety was observed. 
 
 
 
 
 
Scheme 1. Reagents and conditions: i. a) CDI, THF, 0 °C, b) N-Ac-L-Cys-OMe, THF, 92 %. 
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Next, the coupling of benzoic acid 3 with PYP mutant R52G was examined. 
Compound 3 was activated with CDI in DMF at 4 °C and subsequentely added to one 
equivalent of protein in buffered aqueous solution (50 mM Tris·HCl, pH 8.0).[36] The 
mixture was incubated overnight and the protein was purified by centrifugal 
ultrafiltration using a 10 kDa filter (Figure 3). Like dialysis, ultrafiltration can be 
employed for the separation of low-molecular-weight compounds from soluble 
polymers. In contrast to dialysis, much shorter separation times can be achieved with 
ultrafiltration because of the application of pressure.[37] When centrifugation is used to 
generate the required pressure for ultrafiltration this is referred to as 
ultracentrifugation. Ultracentrifugation can directly separate large molecules from 
small molecules using centrifugal filter units; the separation time depends on the 
rotation speed of the centrifuge.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Amicon® Ultra-15 centrifugal filter units used for protein purification and concentration. 
 

As shown in Figure 4, ESI-MS analysis of the purified protein demonstrated the 
clear presence of a PYP-adduct with a mass of 16,050 Da which perfectly matches the 
calculated mass of R52G-[3] (16,050.7 Da). Since the ESI-MS spectrum displayed 
unreacted R52G, the coupling reaction was next performed with two equivalents of 
activated compound 3. As expected, this improved the conversion of R52G, but ESI-
MS analysis showed the formation of an adduct with a mass of 16,338 Da which 
corresponds to the undesired diacylation of PYP-R52G.  

screw cap 
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Figure 4: ESI-MS analysis of PYP adduct R52G-[3] obtained after the coupling of R52G with a 
stoichiometric amount of 3 (left) and an excess of compound 3 (right). 

 
The successful coupling of benzoic acid 3 to R52G was also comfirmed with 31P {1H} 

NMR spectroscopy. Protein R52G-[3] displayed a signal at δ = –4.8 ppm which is 
typical of triphenylphosphine derivatives (Figure 5). It appears that in addition to ESI-
MS analysis, 31P NMR spectroscopy is a useful technique for characterizing 
phosphorus-based artificial metalloenzymes. Using the same approach, ligands 1, 2 and 
4 have been successfully covalently anchored to PYP-R52G. We were also able to 
couple transition metal complexes to the protein which will be addressed in more detail 
in the following sections. 

 
 
 
 
 
 
 
 
Figure 5. 31P {1H} NMR (202 MHz, D2O) spectrum of R52G-[3]. 

 
In an attempt to confirm that the modification indeed occurred at the reactive 

Cys69 and not at a lysine residue located outside the active site, protease mediated 
partial digestion was performed on the new phosphine-containing proteins. 
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Subsequent MS analysis should allow the localization of the phosphine ligands, but 
upto now no conclusive results could be obtained. In addition to the biological 
digestion treatment, the location of the phosphine ligands can be determined in a 
chemical fashion. The thioester linkage can be cleaved by treatment with dithiotreitol 
(DTT) or by incubation at pH 12, while the alternative amides resulting from lysine 
coupling can not.[38] Two wild-type PYP-adducts covalently modified with ligand 1 and 
with ligand 4 were subjected to these two methods. MS analysis showed that under 
both conditions the phosphine ligands were removed from the two PYP-adducts. This 
strongly indicates that PYP is modified with the phosphine ligands at Cys69.  

With a method in hand for the site-selective covalent modification of PYP-R52G 
with phosphine ligands, we next explored the use of the new hybrid catalysts in 
hydrogenation, hydroformylation and allylic substitution reactions. 
 
– Hydrogenation 
From the start of the development of artificial metalloenzymes, the rhodium-catalyzed 
hydrogenation of alkenes has been intensively investigated. In 1978, Wilson and 
Whitesides reported the construction of a hydrogenation catalyst based on embedding 
an achiral biotin-functionalized rhodium-diphosphine moiety within the protein 
avidin.[7] The metalloenzyme was applied in the asymmetric hydrogenation of α-
acetamidoacrylic acid, affording quantitative conversion of the substrate with an ee of 
41 % in favour of the (S)-product. In later studies, the groups of Chan[8] and in 
particular Ward[9] further developed this approach and with a combination of chemical 
and genetic optimization enantioselectivities up to 96 % were obtained in the 
hydrogenation of α-acetamidoacrylic acid. In 2005, De Vries and coworkers showed 
that papain, covalently modified at Cys25 with a monodentate phosphite ligand and 
complexed with [Rh(cod)2]BF4, is an active catalyst in the hydrogenation of methyl α-
acetamidoacrylate, but no enantioselectivity was observed.[39] 

Inspired by these studies, we explored the use of the new PYP-based ligands in 
rhodium-catalyzed hydrogenation reactions. In general, rhodium binds preferentially 
to a phosphine rather than to an amino acid side chain or the protein backbone. 
However, according to multiple reported studies on serum albumins, residues such as 
histidine, methionine, cysteine and to some extent tryptophan are believed to be 
residues capable of binding rhodium.[40,41] In consideration of the presence of such 
residues in PYP, unspecific metal binding may occur upon addition of a rhodium-
precursor, which would lead to the undesired presence of metallic rhodium during the 
hydrogenation reaction. To promote rhodium coordination to a phosphine ligand, 
achiral Rh-complex 6 was coupled to R52G to give conjugate R52G-[6] (Scheme 2). 
Complex 6 was obtained by the reaction of CDI-activated ligand 4 with 
[Rh(cod)(MeCN)2]BF4. The successful formation of R52G-[6] was shown by ESI-MS 
analysis. 
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Scheme 2. Reagents and conditions: i. PYP-R52G, 50 mM Tris·HCl, pH 8.0. 
 

Dimethyl itaconate A and methyl α-acetamidoacrylate B were chosen as substrates 
due to their good water solubility. In addition, the use of these substrates allows easy 
work up and subsequent analysis. The reaction mixtures can be extracted with ethyl 
acetate,[42] whereas substrate α-acetamidoacrylic acid C is accessible efficiently only by 
continuous extraction.[9] Initially, the substrates were added from stock solutions in the 
same buffer solution as the protein. The reactions were carried out in a stainless steel 
autoclave with glass inserts at a hydrogen pressure of 5 bar. The results and conditions 
are summarized in Table 1. 
 
Table 1. Rh-catalyzed asymmetric hydrogenation.[a] 

 

 

 

 
entry catalyst Substrate cosolvent [b] conv. (%) [c] ee (%) [d] 

     1 R52G-[6] A - - - 
     2 Rh/tppts A - > 99 - 
     3 R52G-[6] A DMF > 99 6 
     4 R52G-[6] A DMSO > 99 3 
     5 R52G A DMSO - - 
     6  R52G-[6] B DMSO - - 
     7 [e] R52G-[6] C - - - 
     8 [e] R52G-[6] C DMSO - - 

[a] Conditions: [Rh] = 56 μM, substrate/Rh = 100, p(H2) = 5 bar, T = 25 ° C, t = 20 h, total volume: 0.3 
mL. [b] Reactions were performed in MOPS buffer (100 mM, pH 7.0) or HEPES buffer (100 mM, pH 
7.0) or where noted in mixtures (1:1) with organic solvents. [c] Percentage conversion of substrate, 
determined by GC. [d] Enantiomeric excess of product, determined by chiral GC. [e] The substrate 
and product were converted in situ to their methyl esters before GC analysis. Abbreviations: tppts = 
tris(3-sulfophenyl)phosphine trisodium salt, MOPS = 3-(N-morpholino)propanesulfonic acid, 
HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. 
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In the hydrogenation of dimethyl itaconate A using R52G-[6] as catalyst no 
conversion was observed, whereas the catalyst based on the water-soluble sulfonated 
triphenylphosphine (tppts) and [Rh(cod)(MeCN)2]BF4 gave full conversion after 20 h. 
These results might suggest the transition metal center in R52G-[6] is not accesible for 
catalysis. The addition of organic cosolvents such as DMF and DMSO did have a 
positive effect on the activity of the artificial metalloenzyme. When the hydrogenation 
reaction of itaconate A was performed in a mixture of DMF and buffered aqeuous 
solution (1:1) full conversion was observed. We assume that the protein partially 
denatures upon addition of organic solvents resulting in a more accesible transition 
metal complex. 

In the hydrogenation of acrylate B no conversions were obtained, not even when 
organic cosolvents were used. To rule out solubility problems of the substrate, the 
hydrogenation of acrylic acid C was explored. Also with this highly water-soluble 
substrate no conversion was observed. These observations are surprising since acrylate 
B and acrylic acid C are commonly used substrates in hydrogenation reactions using 
artificial metalloenzymes. 

The lack of induction of enantioselectivity points to a catalytic system in which the 
metal site is too far removed from the chiral environment of the protein. This could 
result from the partial denaturation of the protein due to addition of high 
concentrations of organic solvent. The cavity of R52G could have induced chirality by 
forcing the structurally flexible diphosphine backbone of ligand 4 in a preferred 
conformation. Ward and coworkers speculate that in their biotin-streptavidin system, 
upon incorporation in the host protein, the rhodium-bound diphosphine ligand adopts 
an enantioenriched configuration that favors the approach of one of the prochiral faces 
of the substrate.[43] Such an enantioenriched configuration is probably absent in the 
partially denatured R52G-based artificial metalloenzyme. 

In addition, the protein can favor a specific complexation of the substrate to the 
transition metal via interactions with the large bulk of the protein itself. This behaviour 
has also been addressed by Ward. Docking studies on their artificial metalloenzymes, 
and later X-ray structure analysis, revealed that serine S112 is the residue most closely 
located to the transition metal moiety.[44] Streptavidin mutants bearing different amino 
acid side chains at position S112 showed pronounced changes in conversion and 
selectivity in the transfer hydrogenation of acetophenones. It should be noted that these 
interactions between host protein and the catalyst or the substrate are very difficult to 
predict.  
 
– Hydroformylation 
The rhodium-catalyzed hydroformylation of alkenes using artificial metalloenzymes 
has been studied to a much lesser extent than the hydrogenation reaction despite the 
fact that hydroformylation is an interesting transformation since it cannot be achieved 
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by natural enzymes. In addition, hydroformylation can be performed in aqueous 
media.[45] The sulfonated triphenylphosphine (tppts) is probably the most well-known 
water-soluble phosphorus based ligand that has been applied in aqueous biphasic 
hydroformylation reactions. Biphasic hydroformylation reactions are generally 
performed at temperatures of 40-80 °C and under pressures of 50-80 bar of syngas. 
Often used cosolvents are toluene, n-hexane and n-heptane. A very small number of 
chiral water-soluble ligands has been used in the Rh-catalyzed asymmetric 
hydroformylation of styrene.[46] In all cases, the enantioselectivities obtained for the 
branched product were rather low (up to 25 % ee).[47]  

Using rhodium loaded human serum albumin (HSA), Marchetti, Paganelli and 
coworkers reported the hydroformylation of styrene and 1-octene under aqueous 
biphasic conditions.[48] For the hydroformylation of styrene good regioselectivity and 
high turnover numbers were obtained, but unfortunately, no mention of the 
enantioselectivity was made. Notably, the localization of the rhodium catalyst was not 
defined since no site-selective anchoring method was applied. To validate their 
hypothesis that HSA can coordinate the rhodium carbonyl by the numerous sulphur 
atoms present in the primary structure of the protein,[41] Marchetti and coworkers 
performed aqueous biphasic hydroformylation experiments catalyzed by 
[Rh(acac)(CO)2] modified with amino acid fragments.[49] The study showed that amino 
acids containing a thiolic functional group form stable adducts with rhodium. 

Panella and coworkers have explored the use of phosphite-modified papain as 
catalyst in the Rh-catalyzed biphasic hydroformylation of styrene.[50] At 60 °C and 70 
bar of syngas full conversion was observed. At lower pressure (30 bar) the conversion 
decreased drastically to 3 %. However, there was no clear evidence that the reaction was 
indeed performed by rhodium bound to the protein and there was even less evidence 
that it was bound to the phosphite group as no enantioselectivity could be induced in 
all cases.  

With the exception of these two examples, the Rh-catalyzed hydroformylation of 
alkenes using artificial metalloenzymes is still unexplored. We were interested in the 
use of our new hybrid catalysts in hydroformylation reactions. As for the above 
mentioned hydrogenation reactions, we decided to introduce a transition metal 
complex to PYP-R52G in order to promote complex formation. CDI-activated 
diphosphine 4 was reacted with [Rh(acac)(CO)2] to obtain complex 7, which was 
subsequently added to R52G (Scheme 3). After purification and concentration using 
ultracentrifugation, a yellowish solution was obtained. The successful formation of 
rhodium complex R52G-[7] was shown by ESI-MS analysis and 31P MAS NMR 
spectroscopy. 

The 31P {1H} NMR spectrum of R52G-[7], recorded with an indirect detection probe 
operating at a magic angle spinning (MAS) of 2000 Hz, showed a doublet at δ = 36.8 
ppm with 1J(Rh,P) = 121 Hz (Figure 5). Whereas most Rh-complexes with ligand 4 are 
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reported to show two sets of double doublets in 31P NMR spectroscopy, this was not 
observed for R52G-[7]. Harada and coworkers made similar observations in the 
synthesis of antibody based artificial metalloenzymes employing ligand 4.[10]  

 
 
 
 
 
 
 
Scheme 3. Reagents and conditions: i. PYP-R52G, 50 mM Tris·HCl, pH 8.0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. 31P {1H} MAS NMR (202 MHz, MeOH-d4) spectrum of R52G-[7]. 
 

Next, the new artificial metalloenzyme was evaluated in the biphasic 
hydroformylation of styrene (Scheme 4). Styrene (D) and pentane as cosolvent were 
added to a concentrated protein solution and the hydroformylation reaction was 
performed overnight at 20 bar of syngas (CO/H2 = 1) at 40 °C. Under these relative 
mild conditions no conversion was observed. Increasing the pressure to 40 bar of 
syngas did not have a beneficial effect. 

When the reaction was performed under 40 bar of syngas and at 80 °C still no 
conversion was observed, but the reaction mixture had turned into a white, cloudy 
mixture after 20 hours. The high temperature and pressure of syngas applied might 
cause denaturation of the protein that can result in the formation of the observed 
aggregates. The use of more thermostable proteins in future experiments might solve 
these problems.[51] 
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Scheme 4. Asymmetric hydroformylation of styrene using R52G-[7] as catalyst. 
 

A known problem in the biphasic hydroformylation of higher olefins (five or more 
carbon atoms) is that the olefin solubility in the aqueous phase is too low for high 
conversion rates to be achieved and the presence of a mass transfer promoter is 
required. Among the different approaches known to increase the solubility of higher 
olefins, the use of chemically modified β-cyclodextrins is a promising option for future 
experiments.[52] In addition, the use of substrates that are more water-soluble such as 
vinyl acetate and allyl acetate[53] can be considered. 
 
– Allylic Substitution 
Ward and coworkers demonstrated in 2008 that the hybrid catalysts based on the 
biotin-avidin technology could be used for palladium-catalyzed asymmetric allylic 
alkylation reactions.[54] With a combination of chemical and genetic optimization, the 
product of the substitution reaction of 1,3-diphenylpropenyl acetate and 
dimethylmalonate was obtained with enantiomeric excesses ranging from 90 % (R) to 
82 % (S). This was the first, and so far the only, example of the use of artificial 
metalloenzymes in allylic substitution reactions. Asymmetric allylic substitution is a 
catalytic transformation that has no equivalent in enzymatic catalysis. Similar to the 
hydroformylation reaction, the use of artificial metalloenzymes in the Pd-catalyzed 
allylic substitution reaction is still rather unexplored. In contrast to the aqueous 
biphasic hydroformylation, the allylic substitution can be performed under mild 
conditions in aqueous media.  

 
 
 
 
 
 
 
 
 
 
 
Figure 6. 31P {1H} NMR spectra of R52G-[7]. Top: 121 MHz, D2O and bottom: MAS, 202 MHz, D2O.  
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We first explored the in situ formation of a palladium-allyl-protein complex. A 
mixture of half an equivalent of [Pd(η3-C3H5)Cl]2 in THF and a buffered solution of 
protein adduct R52G-[3] was analyzed by 31P NMR spectroscopy. Despite a low signal-
to-noise ratio, a signal could be observed at δ = 21.5 ppm (Figure 6). For comparison, a 
resin-bound triphenylphosphine derivative treated with half an equivalent of [Pd(η3-
C3H5)Cl]2 to give supported [(Ph3P)Pd(η3-C3H5)Cl] gave a signal at δ = 23.2 ppm in 31P 
gel-phase NMR spectroscopy.[55] When we next measured the same sample with an 
indirect detection nano-probe operating at a magic angle spinning (MAS) of 2000 Hz a 
better signal-to-noise ratio was obtained (Figure 6), but additional signals could now be 
observed. In order to prevent the formation of undesired metal-complexes, we coupled 
complex 9 to PYP-R52G (Scheme 5). 
 
 
 
 
 
 
 
 
Scheme 5. Reagents and conditions: i. CDI, DMF, 0 °C, ii. [Pd(η3-C3H5)Cl]2, iii. PYP-R52G, 50 mM 
Tris·HCl, pH 8.0. 
 

Next, the catalyst was evaluated in the reaction of (E)-1,3-diphenylprop-2-ene-1-yl 
acetate (E) with benzylamine (F). The reaction conditions and results are depicted in 
Table 2.  
 
Table 2. Palladium-catalyzed allylic amination of 1,3-diphenylallylacetate E.[a] 

 
 
 
 

Entry catalyst cosolvent [b] conv. (%) [c] ee (%) [d] 
1 R52G-[9] - - - 
2 R52G-[9] - - - 
3 R52G-[9] DMF > 99 < 1 
4 R52G-[9] DMF > 99 < 1 

[a] Conditions: [Pd] = 60 μM, E/F/Pd = 100/220/1.0, T = 25 ° C, t = 20 h, total volume: 0.1 mL. [b] 
Reactions were performed in bicine buffer (100 mM, pH 8.5) or where noted in a mixture (1:1) with 
DMF. [c] Percentage conversion of acetate E, determined by GC. [d] Enantiomeric excess of product 
G, determined by chiral HPLC. 
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When the reaction was performed in aqueous buffered solution irreproducable 
conversion was observed, presumably due to solubility problems of the substrate or 
inaccessibility of the metal center. When the reaction was performed in a mixture of 
DMF and buffered aqueous solution (1:1) full conversion was observed. Unfortunately 
no enantiomeric excess was obtained presumably due to the factors described above for 
the hydrogenation reaction. 

At this point, the challenge would be to be able to randomly or specifically modify 
the protein backbone in search for the necessary secondary interactions to guarantee 
stereocontrol.[56] This could also be achieved by screening completely different protein 
structures as scaffold. Proteins that are more thermostable and contain larger cavities 
are recommended for future studies. 
 
 
Conclusions 
 
We have developed a general procedure for the site-selective covalent modification of 
Photoactive Yellow Protein (PYP) with phosphine ligands and their transition metal 
complexes. The thiol group of Cys69 in protein mutant R52G is highly reactive towards 
activated carboxylates. In this manner, carboxylate-containing phosphine ligands and 
their corresponding transition metal complexes were coupled to PYP-R52G. The new 
artificial metalloenzymes were characterized by ESI-MS analysis and 31P NMR 
spectroscopy. 

The new artificial metalloenzymes were active in the rhodium-catalyzed 
hydrogenation and the palladium-catalyzed allylic amination. However, in both 
reactions organic cosolvents were required to obtain reproducible conversions. We 
assume that under fully aqueous conditions the metal center in the R52G adducts are 
not accessible for substrates. The addition of organic solvents denaturates the protein 
which results in a more accessible metal center. This also disrupts the tertiary structure 
of the protein which can explain the lack of induction of enantioselectivity. The new 
artificial metalloenzymes were not active in the aqueous biphasic hydroformylation of 
styrene. The relatively high temperature and pressure of syngas required for this 
reaction appear to be too harsh for the PYP-adducts. 
 
 
Experimental Section 
 
General remarks. Unless stated otherwise, reactions were carried out under an atmosphere of argon 
using standard Schlenk techniques. THF, diethyl ether and hexanes were distilled from 
sodium/benzophenone. Tertiary amines, CH2Cl2 and methanol were distilled from CaH2 and toluene 
was distilled from sodium. Deuterated solvents were distilled from the appropriate drying agents. 
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Unless stated otherwise, all chemicals were obtained from commercial suppliers and used as received. 
Compounds 1 (2-diphenylphosphino-benzoic acid) and 3 (4-diphenylphosphino-benzoic acid) were 
purchased from Aldich. Optical rotations were measured on a Perkin-Elmer 241 polarimeter. NMR 
spectra were recorded on a Varian Mercury 300, a Varian Inova 500 or a Bruker Avance DRX-300 
spectrometer. Chemical shifts are reported in ppm and are given relative to tetramethylsilane (1H, 13C) 
and 85% H3PO4 (31P). The 31P {1H} NMR experiments on the phosphine modified proteins were 
recorded using standard NMR techniques in buffered solution (using a D2O inner tube). 
Alternatively, the protein samples were recorded in D2O or MeOH-d4 as solvent on a Varian Inova 
500 MHz 4 mm gH(X) indirect detection nano-probe, operating at 202.34 MHz and a magic angel 
spinning (MAS) rate of 2000 Hz. The nano-probe provides a sample cavity of 40 microliter. High 
Resolution Mass Spectra were recorded at the Department of Mass Spectrometry at the University of 
Amsterdam using Fast Atom Bombardment (FAB) ionization on a JOEL JMS SX/SX102A four-sector 
mass spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Elemental analyses were 
carried out by Kolbe Mikroanalytisch Labor, Mülheim an der Ruhr (Germany).  
 
3-Diphenylphosphino-benzoic acid (2): This compound was prepared according to a literature 
procedure.[34] To a solution of m-iodobenzoic acid (10.0 g, 40.3 mmol) and triethylamine (11.5 mL, 
81.6 mmol) in acetonitrile (150 mL) were added palladium(II)acetate (10 mg, 46 μmol) and 
diphenylphosphine (7.50 g, 40.3 mmol). The resulting brown solution was refluxed for 16 h, after 
which all volatiles were removed under reduced pressure. The residue was dissolved in water (100 
mL). After addition of KOH (4.56 g, 81.6 mmol), the solution was washed with diethyl ether (3 × 150 
mL). The aqueous phase was acidified with 2 N HCl and extracted with diethyl ether (3 × 150 mL). 
The collected ethereal phases were washed with water (50 mL), dried over MgSO4, and evaporated to 
dryness. Recrystallization of the residue from a methanol-water mixture gave 2 in 65 % yield (8.07 g) 
as a yellow solid. 1H NMR (300 MHz, CD2Cl2): δ = 8.12-8.03 (m, 2H), 7.58-7.32 (m, 12H); 13C {1H} 
NMR (125 MHz, CD2Cl2): δ = 172.4 (COOH), 139.4 (d, J = 14.5 Hz, C-1), 139.3 (d, J = 18.2 Hz, C-6), 
137.1 (d, J = 11.3 Hz, C-7), 135.6 (d, J = 21.5 Hz, C-2), 134.4 (d, J = 19.9 Hz, C-8), 130.9 (C-4), 130.2 
(d, J = 6.8 Hz, C-3), 129.7 (C-10), 129.4 (d, J = 6.4 Hz, C-5), 129.3 (d, J = 7.3 Hz, C-9); 31P {1H} NMR 
(121 MHz, CD2Cl2): δ = –4.35. 
 
(R)-Methyl 2-acetamido-3-(3-(diphenylphosphino)benzoylthio)-propanoate (5): To a solution of 
3-diphenylphosphino-benzoic acid 2 (0.31 g, 1.0 mmol) in THF (10 mL) was added 1,1’-
carbonyldiimidazole (0.24 g, 1.5 mmol) at 0 °C. After stirring for 1 h at 0 °C, N-acetyl-L-cysteine 
methylester[57] (0.27 g, 1.5 mmol) was added and the reaction mixture was stirred for another 16 h at 
room temperature. All volatiles were removed under reduced pressure and the residue was triturated 
with diethyl ether (10 mL) giving 5 in 92 % yield (0.43 g) as a white solid. [ ]20

Da = +54.1 ° (c 1.0, 
CHCl3); 1H NMR (500 MHz, CDCl3): δ = 7.90 (d, J = 7.5 Hz, 2H, H-arom), 7.50-7.29 (m, 12H, H-
arom), 6.33 (d, J = 7.5 Hz, 1H, NH), 4.86 (m, 1H, Hα), 3.75 (s, 3H, OCH3), 3.55 (dd, J = 14.5 Hz, J = 
5.0 Hz, 1H, Hβ1), 3.50 (dd, J = 14.0 Hz, J = 6.0 Hz, 1H, Hβ2), 1.99 (s, 3H, OCH3); 13C {1H} NMR (125 
MHz, CDCl3): δ = 191.4 (SCO), 170.9 (COO), 170.2 (NCO), 139.3 (d, J = 14.3 Hz, PC), 138.9 (d, J = 
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16.5 Hz, CH), 136.7 (d, J = 6.7 Hz, Cq), 136.3 (d, J = 11.1 Hz, PC), 134.0 (d, J = 19.9 Hz, CH), 132.6 (d, 
J = 22.9 Hz, CH), 129.3 (CH), 129.1 (d, J = 5.5 Hz, CH), 128.9 (d, J = 7.2 Hz, CH), 127.8 (CH), 53.0 
(OCH3), 52.4 (Cα), 30.9 (Cβ), 23.2 (CH3); 31P {1H} NMR (121 MHz, CDCl3): δ = –4.18; HRMS 
(FAB+): m/z calcd. for C25H25NO4PS (M+H+): 466.1242; found: 466.1247; anal. calcd. for 
C25H24NO4PS: C 64.50, H 5.20, N 3.01; found: C 64.47, H 5.18, N 3.02. 
 
Rhodium bis(acetonitrile) 1,5-cyclooctadiene tetrafluoroborate, [Rh(cod)(MeCN)2]BF4: This 
compound was prepared according to a literature procedure.[58] To a solution of [Rh(cod)Cl]2 (40.2 
mg, 0.08 mmol) in methylene chloride (1.2 mL) and acetonitrile (0.2 mL) was added a solution of 
AgBF4 (31.8 mg, 0.16 mmol) in acetonitrile (0.2 mL) and the mixture was stirred for 30 min. After the 
precipitated AgCl was filtered off, the solution volume was reduced in vacuo. Diethyl ether (0.5 mL) 
was added slowly and the precipitate was collected by filtration and dried in vacuo to give 
[Rh(cod)(MeCN)2]BF4 as a yellow powder in 80 % yield. 1H NMR (300 MHz, D2O): δ = 4.06 (s, 4H, 
CH), 2.40 (d, J = 9.0 Hz, 4H, CH2), 2.04 (s, 6H, CH3CN), 1.72 (d, J = 8.1 Hz, 4H, CH2). 
 
PYP mutagenesis and expression: PYP, and site-directed mutants thereof (R52G) were produced and 
isolated according reported procedures.[59] 
 
Activation of phosphino-carboxylic acids with CDI: In a Schlenk-tube, 4-, 3- or 2-diphenylphoshino 
benzoic acid (153.15 mg, 0.5 mmol; ligands 1, 2 and 3 respectively) or 4 (270.78 mg, 0.5 mmol) and 
N,N’-carbonyldiimidazole (162.15 mg, 1 mmol) were dissolved in 10 mL degassed DMF. After stiring 
for 30 min at room temperature, the reactions were stored at –20 °C. Compound 1: 31P {1H} NMR 
(162 MHz, D2O): δ = –5.35; activated 1: 31P {1H} NMR (162 MHz, D2O): δ = –4.89; compound 2: 31P 
{1H} NMR (121 MHz, CD2Cl2): δ = –4.35; activated 2: 31P {1H} NMR (121 MHz, CD2Cl2): δ = –5.30; 
compound 3: 31P {1H} NMR (162 MHz, D2O): δ = –5.17; activated 3: 31P {1H} NMR (162 MHz, D2O): δ 
= –11.05; compound 4: 31P {1H} NMR (121 MHz, D2O): δ = –20.39, –21.00; activated 4: 31P {1H} NMR 
(121 MHz, D2O): δ = –20.53, –21.14. 
 
Synthesis of complex 6: 50 μmol of CDI activated ligand 4 (1 mL of 50 mM solution) was added to an 
HPLC vial containing 38 μmol of [Rh(cod)(MeCN)2]BF4 and the solution was mixed. The yellow 
reaction mixture was left at room temperature for 30 min., after which the solution was used for 
protein modification. 
 
Synthesis of complex 7: 25 μmol of CDI activated ligand 4 (0.5 mL of 50 mM solution) was added to 
[Rh(acac)(CO)2] (5.36 mg, 20.8 μmol) and the solution was mixed. The yellow reaction mixture was 
left at room temperature for 30 min., after which the solution was used for protein modification. 
 
Synthesis of complex 9: 50 μmol (2.6 eq.) of CDI activated ligand (1 mL of 50 mM solution) was 
added to an HPLC vial containing 19 μmol (1 eq.) of [Pd(η3-C3H5)Cl]2 and the solution was mixed. 
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The yellow reaction-mixture was left at room temperature for 30 min., after which the solution was 
used for protein modification. 
 
Synthesis of R52G-[6]: In a Schlenk tube, 2.61 μmol of PYP-R52G (1 eq.) in 50 mM Tris·HCl (10 mL, 
pH 8.0) was degassed by purging with argon for 4 h. While stirring, 26.1 μmol of activated 
[(diphosphine)Rh]BF4 (10 eq., 522 μL of a 50 mM solution) was added slowly. The yellow, cloudy 
reaction mixture was stirred at room temperature for 16 h. The reaction mixture was centrifuged at 
49,000 g at 4 °C for 45 min. to remove unreacted, insoluble rhodium-complex. To remove imidazole 
and any remaining dissolved metal-complex, the yellow supernatant was transferred to a centrifugal 
concentrator (Amicon Ultra 15, 10,000 MWCO) and concentrated to 500 μL followed by dilution to 
10 mL with 50 mM HEPES, pH 7. This was repeated four times, after which the modified protein was 
diluted to 10 mL with 50 mM HEPES, pH 7 and stored at 4 °C. (Final catalyst concentration: 261 μM). 
 
Synthesis of R52G-[9]: In a Schlenk tube, 2.61 μmol of PYP (1 eq.) in 50 mM Tris·HCl (10 mL, pH 
8.0) was degassed by purging with argon for 4 h. While stirring, 26.1 μmol of activated 
[(phosphine)Rh(η3-C3H5)Cl] (10 eq., 522 μL of 50 mM solution) was added slowly. The yellow, cloudy 
reaction mixture was stirred overnight at room temperature. The reaction mixture was centrifuged at 
49,000 g at 4 °C for 45 min to remove unreacted palladium-complex. To remove imidazole and any 
remaining dissolved metal-complex, the yellow supernatant was transferred to a centrifugal 
concentrator (Millipore, MWCO = 10,000) and concentrated to 500 μL followed by dilution with 50 
mM bicine, pH 8.5. This was repeated four times, after which the modified protein was diluted to 10 
mL with 50 mM bicine, pH 8.5 and stored at 4 °C . (Final catalyst concentration: 261 μM). 

 

protein ESI-MS analysis 
expected (Da) 

ESI-MS analysis 
found (Da) 

31P NMR (ppm) 

R52G-[1] 16,050.7 16,050.3 –6.3 
R52G-[2] 16,050.7 16,048.8 - 
R52G-[3] 16,050.7 16,052.9 –4.8 
R52G-[4] 16,286.6 16,287.8 - 
R52G-[7] - - 36.8 (1J(Rh,P) = 121 Hz) 
R52G-[9] 16,234.7 16,199.5 (Δ = 35.2) 21.5 

 
Protein ESI-MS measurements : The protein sample (20 μL, 5 pM/μL) was desalted on-line through 
a XTerra MS C8 2.1 × 10 mm column, eluting with an increasing acetonitrile concentration (2 % 
acetonitrile, 98 % aqueous 1 % formic acid to 98 % acetonitrile 2 % aqueous 1 % formic acid) and 
delivered to an electrospray ionisation mass spectrometer (LCT, Micromass, Manchester, U.K.) which 
had previously been calibrated using myoglobin. An envelope of multiply charged signals was 
obtained and deconvoluted using MaxEnt1 software to give the molecular mass of the protein. 
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General procedure for asymmetric hydrogenation experiments. 
The hydrogenation experiments were carried out in a stainless steel autoclave (total volume is 150 
mL) charged with an insert suitable for 8 or 14 reaction vessels including Teflon mini stirring bars for 
conducting parallel reactions. In a typical hydrogenation run, a glass vial was charged with degassed 
buffer solution containing the artificial metalloenzyme complex R52G-[6] (56 μM) and substrate. 
Before starting the catalytic reactions, the charged autoclave was purged three times with 5 bar of 
dihydrogen and then pressurized to 5 bar H2. The reaction mixtures were stirred at 25 °C for 20 h. 
Next, the autoclave was depressurized and each reaction mixture was extracted with EtOAc (3 × 5 
mL) and the combined organic layers were dried over Na2SO4 and concentrated under reduced 
pressure. The residue was redissolved in ethyl acetate (100 μL) and transfered into a micro-GC vial. 
The conversion was determined by GC measurement and the enantiomeric excess was measured by 
chiral GC using the following columns and conditions: for A: Supelco β-DEX 225 column (T = 70 °C 
for 50 min, then ΔT = 25 °C min-1, tR (S) = 51.7 min, tR (R) = 52.3 min, tR (A) = 53.5 min); and for B: 
Chiralsil DEX-CB column (T = 70 °C for 1 min, then ΔT = 7 °C min-1, tR (B) = 6.4 min, tR (S) = 7.2 
min, tR (R) = 7.4 min). For the reaction with acrylic acid C, the reaction mixture was after the 
appropriate reaction time quenched by adjusting the pH to 2 with 1 M aqueous HCl. The aqueous 
solution extracted with ethyl acetate (6 × 1 mL) and the combined organic layers were concentrated 
under reduced pressure to a minimum volume (0.5 ml). The hydrogenation product was converted in 
situ to its methyl ester using trimethysulfonium hydroxyde (15 μl) before GC analysis. 
 
General procedure for the hydroformylation of styrene.  
The hydroformylation experiments were carried out in a stainless steel autoclave (total volume is 150 
mL) charged with an insert suitable for 8 or 14 reaction vessels including Teflon mini stirring bars for 
conducting parallel reactions. Styrene was filtered over basic alumina to remove possible peroxide 
impurities. In a typical experiment, a reaction vessel was charged with R52G-[7] (6.7 mM in 0.50 
μmol) and water (180 μL). A mixture of styrene (75 μmol) and decane as internal standard (37.5 
μmol) in pentane (75 μL) was added. The autoclave was flushed three times with 15.0 bar of syngas 
(CO/H2 = 1), warmed to 40 °C and then pressurized to 20.0 bar CO/H2. After the appropriate reaction 
time, the magnetical stirrer was stopped, the reactor cooled rapidly and the autoclave was 
depressurized. The organic layer was separated. The conversion was determined by GC using a DB-1 
(J&W) column (70 °C for 1 min, then ΔT1 = 7 °C min–1 to 120 °C and ΔT2 = 13 °C min–1 to 250 °C; 
retention times: 9.0 min for styrene, 11.3 min for decane, 12.9 min for 2-phenylpropanal and 13.8 min 
for 3-phenylpropanal. The enantiomeric purity was determined by chiral GC using a Supelco β-DEX 
225 column (T = 100 °C for 5 min, then ΔT = 4 °C min–1, tR (branched R) = 11.8 min, tR (branched S) 
= 12.1 min, tR (linear) = 15.6 min). 
 
General procedure for the allylic amination of 1,3-diphenylallylacetate.  
Labelled Eppendorf tubes were placed in a parallel reactor and 5 μL (460 nmol) of (E)-1,3-
diphenylprop-2-ene-1-yl acetate[60] stock solution in THF was added to each of the tubes. The THF 
was evaporated or removed under vacuum. A stirring bar was added to each tube and the reactor was 
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closed and degassed. The appropriate volume of buffer (and organic solvent if required) was added. 
Next the Pd/phosphine-protein (6 nmol) was added to the tubes. Finally 5 μL (1.01 μmol) of the 
benzylamine stock was added to all the tubes and the reaction was stirred at room temperature. After 
the appropriate reaction time, a saturated solution of ammonium chloride (50 μL) was added to 
quench the reactions. Next, water (200 μL) was added to increase the volume of the aqueous phase. 
The aqueous phase was extracted with ethyl acetate (3 × 1 mL). The combined organic layers were 
passed over a plug of silica and concentrated under reduced pressure. The residue was redissolved in 
hexane (100 μL) and transfered into a micro-HPLC vial. The conversion was determined by GC. 
Determination of ee values was performed by chiral HPLC (Chiralcel OD-H; n-hexane/2-propanol = 
99.5 : 0.5 at 1.0 ml.min–1; λ = 254 nm; tR (R) = 13.0 min, tR (S) = 13.7 min). 
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Summary 
 

 
 
The discovery of new routes for the preparation of enantiomerically pure compounds 
of interest for industrial production is one of the most actively pursued goals in 
synthetic chemistry. Target molecules comprise pharmaceuticals, vitamins, 
agrochemicals and flavorants. Enantioselective catalysis, either biocatalytic or 
chemocatalytic, is one of the most efficient ways to synthesize enantiopure compounds. 
In biocatalysis, the use of enzymes for organic transformations finds more and more 
applications, primarily owing to the excellent activity, chemo- regio- and 
enantioselectivity displayed by enzymes. Enzymes are capable of combining molecular 
recognition for substrate orientation with catalytic centers. In the field of 
chemocatalysis, a large number of chemical transformations make use of homogeneous 
organometallic catalysts. The key to their success lies in the relative ease of catalyst 
modification by changing the ligand environment. Both the transition metal center and 
the large variety of ligands around it determine the properties of the catalyst. 

Biocatalysis and chemocatalysis are often seen as complementary in terms of 
substrate scope, reaction conditions and reaction medium. The synergy of both fields is 
therefore an intriguing development. The synthesis of bioinspired transition metal 
catalysts and artificial metalloenzymes has received much attention. In particular, the 
design of enantioselective transition metal catalysts which make use of secondary 
interactions between the ligand and the substrate, aiming at enzyme-like behavior, is an 
interesting development. This thesis deals with the development of new bioinspired 
transition metal catalysts and artificial transition metalloenzymes and their evaluation 
in several types of asymmetric catalytic reactions. The first part of Chapter 1 presents 
examples of bioinspired transition metal catalysts with a focus on phosphine ligands. 
The combination of phosphorus donor atoms with peptide fragments as a chiral entity 
in close proximity of the metal center can result in enantioselective catalysts. In the 
second part of Chapter 1, important examples in the development of artificial 
metalloenzymes are presented. With the aim to combine the best of both homogeneous 
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catalysis and biocatalysis, artificial metalloenzymes can be constructed by the insertion 
of (non)-chiral metal catalysts into the active site of a host protein. 

The synthesis of a series of chiral amino acid-functionalized diphosphine ligands is 
described in Chapter 2. The meta or para position of the diphenylphosphino groups of 
Xantphos and DPEphos were functionalized with relatively small peptide fragments in 
order to create sterically demanding ligand systems that allow non-covalent secondary 
interactions between functionalized substrates and the ligand. NMR studies showed 
that the new xanthene-based ligands display metal coordination behaviour typical of 
Xantphos-type ligands and no direct influence of the amino acid residues was observed 
on complex formation.  

 
 
 
 
 
 
 
 
 

The ligands were tested in the rhodium-catalyzed asymmetric hydroformylation of 
vinyl acetate. The peptide fragments influenced the stereo- and enantioselective 
outcome of the reaction. In terms of enantioselectivity, the rigid xanthene-based 
ligands gave better results than the ligand with the flexible diphenyl ether backbone. In 
addition, the use of dipeptide-containing Xantphos derivatives had a more pronounced 
effect on the enantioselectivity than its shorter monopeptide-functionalized analogues, 
and enantiomeric excesses up to 13 % were achieved. Almost no enantioselective 
induction was observed in the hydroformylation of the substrate styrene, which 
contains no heteroatoms. In the Rh-catalyzed hydrogenation of dimethyl itaconate 
enantioselectivities up to 7 % were obtained with the dipeptide-functionalized ligands. 
Thus, these results illustrate that it is possible to influence the enantiomeric outcome of 
asymmetric catalytic reactions by making use of non-covalent secondary interactions 
between amino acid-functionalized ligands and prochiral substrates, although the ee 
values obtained so far are disappointing. In order to fully exploit these interactions, 
other better defined ligand systems need to be developed. 

A well-defined ligand system is presented in Chapter 3. Cyclic double bridged 
diphosphines in which the two phosphine lone pairs have a syn orientation form a class 
of ligands in which the metal embracement is particularly effective. The two 
phosphorus atoms are bridged by two backbones and the third substituent is forced 
to reside at the front side of the metal center. Chapter 3 describes a stereoselective route 
to cyclic double bridged diphosphine ligands based on two xanthene backbones. The 
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reaction of dilithio-xanthene with dichlorophenylphosphine gave cyclic bisxantphos as 
a single stereoisomer. X-ray crystal structure analysis revealed that the phosphorus 
bridging groups are arranged in a syn-disposition. The route is flexible in the choice of 
aryldichlorophosphine and should permit a range of substituents to be introduced on 
the phosphorus atoms. The ligand displays trans-coordination upon complexation to 
[Pt(cod)Cl2]. The new bisxantphos ligand together with the structurally related P-
bridged [1.1]ferrocenophane were modified with amino acid fragments on the third 
substituent of the phosphorus atoms in order to create a chiral enzyme-like pocket 
upon coordination of the ligands to a metal center. 

 
 
 
 
 
 
 
 
 

The cyclic bisxantphos ligand showed a low activity and regioselectivity in the 
hydroformylation of 1-octene and a high percentage of octene isomers was formed 
during the reaction. The chiral amino acid-functionalized P-bridged 
[1.1]ferrocenophanes were active in the Pd-catalyzed allylic amination of 1,3-
diphenylallyl acetate displaying enantioselectivities of up to 10 %. Despite the low 
enantiomeric excesses obtained in this reaction, the observed chiral induction is 
unusual since the stereogenic centers on the ligands are not situated close to the metal 
center (as is usually the case in chiral transition metal catalysts), but rather at the 
substrate side of the catalytic metal center.  

A different approach towards amino acid-functionalized diphosphine ligands is 
described in Chapter 4. The amino acid-fragments are not introduced at the 
diphenylphosphino groups, as was done with the ligands presented in Chapters 2 and 
3, but at the backbone of the ligands.  
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Four bidentate phosphorus ligands with a nitrogen atom in the backbone were 
modified with amino acid-fragments at an appropriate distance from the phosphorus 
atoms which allows non-covalent secondary interactions between functionalized 
substrates and the ligand. The palladium catalysts, which were prepared in situ by 
mixing the amino acid-modified ligands and [Pd(η3-C3H5)Cl]2, were examined for 
catalytic activity and enantioselectivity in the asymmetric allylation of 2-
acetylcyclohexanone with cinnamyl acetate. The observed enantioselectivity was 
attributed to secondary interactions between the nucleophile and the amino acid 
fragments on the ligand. The catalysts may be regarded as artificial enzyme-like 
catalysts, as the catalysts interact with the electrophile (allyl acetate) and the 
nucleophile (sodium enolate) simultaneously. 

In addition to the synthesis of bioinspired transition metal catalysts, the use of 
artificial metalloenzymes as catalysts for asymmetric transformation reactions of non-
natural substrates is an intriging development. A strategy for the preparation of 
artificial transition metalloenzymes by site-selective incorporation of metal-binding 
phosphine ligands into the active site of the Photoactive Yellow Protein (PYP) is 
presented in Chapter 5. Photoactive Yellow Protein is a water-soluble protein with a 
relatively low molecular weight that features a hydrophobic chromophore-binding 

pocket with a highly nucleophilic cysteine 
residue, Cys69. The thiol group of Cys69 in 
protein mutant R52G is highly reactive 
towards activated carboxylates. Using the 
nucleophilic thiol group, carboxylate-
containing phosphine ligands and their 
corresponding transition metal complexes 
were coupled to PYP-R52G. The successful 
coupling was shown by 31P NMR spectroscopy 
and ESI mass spectroscopy. The new hybrid 
catalysts were tested in hydrogenation, 

hydroformylation and allylic substitution reactions. The new artificial metalloenzymes 
were active in rhodium-catalyzed hydrogenation and palladium-catalyzed allylic 
amination. However, in both reactions organic cosolvents were required to obtain 
reproducible conversions. We assume that under fully aqueous conditions the metal 
center in the R52G adducts are not accessible for substrates. The addition of organic 
solvents denaturates the protein which results in a more accessible metal center. This 
also disrupts the tertiary structure of the protein which can explain the lack of 
induction of enantioselectivity. The new artificial metalloenzymes were not active in 
the aqueous biphasic hydroformylation of styrene. The relatively high temperature and 
pressure of syngas required for this reaction appear to be too harsh for the PYP-
adducts. 
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Summary in Dutch 
 

 
 
Veel biologisch actieve verbindingen, waaronder geneesmiddelen, vitamines, 
landbouwchemicaliën en geur- en smaakstoffen, zijn optisch actieve verbindingen. Een 
frequent voorkomende eigenschap van deze verbindingen is dat slechts één 
enantiomeer de gewenste biologische activiteit bezit. De ontwikkeling van nieuwe 
syntheseroutes voor de bereiding van enantiomeer zuivere verbindingen die van belang 
zijn voor industriële productie is een intensief nagestreefd doel in de synthetische 
chemie. Enantioselectieve katalyse, hetzij biokatalyse, hetzij chemo-katalyse, is één van 
de meest efficiënte manieren om de enantiomeer zuivere verbindingen te synthetiseren. 
In de biokatalyse vindt het gebruik van enzymen voor organische transformaties steeds 
meer toepassing. Dit hoofdzakelijk wegens de uitstekende activiteit en de uitzonderlijke 
chemo-, regio- en enantioselectiviteit die enzymen vertonen. Enzymen hebben de 
eigenschap moleculaire herkenning voor substraat-oriëntatie te combineren met 
katalytische centra. Op het gebied van de chemo-katalyse maakt een groot aantal 
chemische omzettingen gebruik van homogene katalysatoren. Reden hiervoor is het 
relatieve gemak waarmee de katalysator-eigenschappen veranderd kunnen worden 
door middel van het veranderen van de ligand. Zowel het overgangsmetaal als de grote 
verscheidenheid aan liganden rond het metaal bepaalt de eigenschappen van de 
katalysator. 

Biokatalyse en chemo-katalyse worden vaak als complementair gezien voor wat 
betreft het soort substraat, de reactiecondities en het reactiemedium. De samensmelting 
van beide velden is derhalve een intrigerende ontwikkeling. De synthese van bio-
geïnspireerde overgangsmetaal-katalysatoren en artificiële metallo-enzymen heeft 
recentelijk veel aandacht gekregen. Vooral de synthese van enantioselectieve 
overgangsmetaal-katalysatoren die gebruik maken van secundaire interacties tussen de 
ligand en het substraat is interessant. Dit proefschrift behandelt de ontwikkeling van 
nieuwe bio-geïnspireerde overgangsmetaal-katalysatoren en artificiële metallo-



Samenvatting 

146 

enzymen. Voorts komt de evaluatie van beide in verschillende soorten van 
asymmetrische gekatalytiseerde reacties aan de orde. Het eerste deel van Hoofdstuk 1 
geeft voorbeelden van bio-geïnspireerde overgangsmetaal-katalysatoren met een focus 
op fosfine liganden. De combinatie van fosfor donoratomen en peptide fragmenten die 
dienen als een chirale entiteit in de nabijheid van het actieve metaalcentrum, kan 
resulteren in enantioselectieve katalysatoren. In het tweede deel van hoofdstuk 1 
worden belangrijke voorbeelden van de ontwikkeling van artificiële metallo-enzymen 
gepresenteerd. Artificiële metallo-enzymen worden gemaakt door de koppeling van 
(niet)-chirale katalysatoren aan het actieve centrum van een eiwit. Doel hiervan is het 
beste van zowel homogene katalyse als biokatalyse te combineren. Het eiwit zorgt voor 
een chirale omgeving, waar de chemo-katalysator verantwoordelijk is voor de 
katalytische activiteit. 

De synthese van een reeks van chirale aminozuur-gefunctionaliseerde difosfine 
liganden is beschreven in Hoofdstuk 2. De meta- of para-positie van de difenylfosfino 
groepen van Xantphos en DPEphos zijn gefunctionaliseerd met relatief kleine peptide 
fragmenten. Dit teneinde sterisch veeleisende ligandsystemen te creëren die secundaire 
niet-covalente interacties tussen gefunctionaliseerde substraten en de ligand mogelijk 
maken. NMR studies hebben aangetoond dat de nieuwe xantheen-gebaseerde liganden 
metaal-coördinatie gedrag vertoonden dat typerend is voor Xantphos-achtige liganden. 
Er werd bij deze studies geen directe invloed van het aminozuur op de 
complexvorming waargenomen. 

 
 
 
 
 
 
 
 
 

De liganden werden getest in de rhodium-gekatalyseerde asymmetrische 
hydroformylering van vinylacetaat. De peptide fragmenten beïnvloedden de stereo- en 
enantioselectiviteit van de reactie. De rigide xantheen-gebaseerde liganden gaven, waar 
het de enantioselectiviteit betrof, betere resultaten dan de liganden met de flexibele 
difenylether basisstuctuur. Bovendien had het gebruik van dipeptide-
gefunctionaliseerde Xantphos derivaten een groter effect op de enantioselectiviteit dan 
het gebruik van de kortere monopeptide-gefunctionaliseerde analogen. Een 
enantioselectiviteit van 13 % werd bereikt. In de hydroformylering van styreen, zijnde 
een substraat zonder heteroatomen, werd bijna geen enantioselectieve inductie 
waargenomen. Bij het gebruik van de dipeptide-gefunctionaliseerde liganden werden in 

O
PR2 PR2

O
PR2 PR2

tBu tBu

N
R =

OMe

O

R'

N
R =

H
N

O

R'

OMe

O

R'

P P
M

S R
RR

R



Samenvatting 

147 

de rhodium-gekatalyseerde hydrogenering van dimethyl itaconate enantio-
selectiviteiten tot aan 7 % verkregen. Deze resultaten illustreren dat het mogelijk is 
invloed uit te oefenen op de enantiomere uitkomst van asymmetrische gekatalyseerde 
reacties. Dit wordt bereikt door gebruik te maken van secundaire niet-covalente 
interacties tussen aminozuur-gefunctionaliseerde liganden en prochirale substraten. 
Wel kan gezegd worden dat de verkregen ee-waarden tot nu toe teleurstellend zijn. Om 
deze interacties optimaal te benutten moeten andere, beter gedefinieerde, 
ligandsystemen worden ontwikkeld. 

 
 
 
 
 
 
 
 
 

Een goed gedefinieerd ligandsysteem wordt gepresenteerd in Hoofdstuk 3. 
Cyclische dubbel-gebrugde difosfines, waarin de twee fosfine vrije elektronenparen een 
syn-oriëntatie hebben, vormen een klasse van liganden waarbij de mate waarin het 
metaal wordt omringd bijzonder effectief is. De twee fosfor-atomen worden gebrugd 
door twee basisstructuren. De derde substituent bevindt zich zodoende aan de 
voorzijde van het metaalcentrum. Hoofdstuk 3 beschrijft voorts een stereoselectieve 
synthese van op twee xantheen-groepen gebaseerde cyclische dubbel-gebrugde 
difosfine liganden. De reactie van dilithiumxantheen met dichlorofenylfosfine gaf een 
cyclische bisxantphos als één stereoisomeer. Uit kristalstructuuranalyse bleek dat de 
vrije electronenparen van de twee fosfor atomen syn-georiënteerd zijn. Door de 
aryldichlorofosfino groepen te variëren is het mogelijk een reeks aan substituenten op 
de fosfor-atomen te introduceren. De ligand vertoont trans-coördinatie op 
complexvorming aan [Pt(cod)Cl2]. De nieuwe bisxantphos ligand en de structureel 
verwante P-gebrugde [1.1]ferrocenophane werden voorzien van aminozuur 
fragmenten op de derde substituent van de fosfor-atomen. Dit teneinde, na coördinatie 
van de liganden aan een metaalcentrum, een chirale enzym-achtige holte te creëren. 

De cyclische bisxantphos ligand vertoonde een lage activiteit en een lage 
regioselectiviteit in de hydroformylering van 1-octeen. Tijdens de reactie vormde zich 
een hoog percentage aan octeen isomeren. De chirale aminozuur-gefunctionaliseerde 
P-gebrugde [1.1]ferrocenophanen waren actief in de palladium-gekatalyseerde 
allylische aminering van 1,3-difenylallyl acetaat. In deze reactie werden 
enantioselectiviteiten tot 10 % verkregen. Daar de stereogene centra van de liganden 
zich niet dicht bij het metaalcentrum bevinden (zoals meestal het geval is in chirale 
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katalysatoren), maar aan de substraat-kant van het katalytische actieve metaalcentrum, 
is de waargenomen chirale inductie ongebruikelijk. 

Een andere benadering voor de synthese van aminozuur-gefunctionaliseerde 
difosfine liganden is beschreven in Hoofdstuk 4. De aminozuur fragmenten worden 
niet geïntroduceerd op de difenylfosfino groepen, zoals wel het geval is bij de liganden 
in de hoofdstukken 2 en 3, maar op de basisstructuur van de liganden. Vier bidentaat 
fosfor liganden met een stikstofatoom in de basisstructuur waren voorzien van 
aminozuur-fragmenten. Deze fragmenten bevinden zich op een geschikte afstand van 
de fosfor-atomen, waardoor secundaire niet-covalente interacties tussen 
gefunctionaliseerde substraten en de ligand mogelijk zijn. De palladium katalysatoren, 
die in situ werden gemaakt door het mengen van de aminozuur gemodificeerde 
liganden en [Pd(η3-C3H5)Cl]2, werden onderzocht op activiteit en enantioselectiviteit in 
de asymmetrische allylatie van 2-acetylcyclohexanon met cinnamylacetaat. De 
waargenomen enantioselectiviteit kan worden toegeschreven aan secundaire interacties 
tussen de nucleofiel en de aminozuur fragmenten van de ligand. De katalysatoren 
kunnen worden beschouwd als artificiële enzym-achtige katalysatoren, omdat ze 
tegelijkertijd met de electrofiel (allylacetaat) en de nucleofiel (natrium enolaat) 
interactie hebben. 

 
 
 
 
 
 
 
 
 

Naast de synthese van bio-geïnspireerde overgangsmetaal-katalysatoren is het 
gebruik van artificiële metallo-enzymen als katalysatoren voor asymmetrische reacties 
van niet-natuurlijke substraten een intrigerende ontwikkeling. Een strategie voor de 
synthese van artificiële metallo-enzymen wordt gepresenteerd in Hoofdstuk 5. Het 
betreft de regioselectieve opname van metaal-bindende fosfine liganden in het actieve 
centrum van de Photoactive Yellow Protein (PYP). Photoactive Yellow Protein is een in 
water oplosbaar eiwit met een relatief laag moleculair gewicht. Het wordt gekenmerkt 
door een hydrofobe chromofoor-bindende holte met daarin een uiterst nucleofiel 
cysteïne residu; Cys69. De thiol groep van Cys69 die zich in het mutante eiwit R52G 
bevindt is zeer reactief met geactiveerde carboxylaten. Hiertoe werden carboxylaat-
bevattende fosfine liganden en de overeenkomstige overgangsmetaal complexen 
gekoppeld aan PYP-R52G. Succesvolle koppelingen werden aangetoond door 31P NMR 
spectroscopie en ESI massa spectroscopie. De nieuwe hybride katalysatoren werden 
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getest in hydrogenering, hydroformylering en allylische substitutie reacties. De 
artificiële metallo-enzymen waren actief in de rhodium-gekatalyseerde hydrogenering 
en in de palladium-gekatalyseerde allylische aminering. Echter, in beide reacties was 

toevoeging van organische oplosmiddelen 
nodig om reproduceerbare conversies te 
verkrijgen. Wij gaan ervan uit dat, onder 
volledig waterige condities, het 
metaalcentrum in de R52G adducten niet 
toegankelijk is voor de prochirale substraten. 
De toevoeging van organische oplosmiddelen 
zorgt ervoor dat het eiwit gedeeltelijk 
denatureert, waardoor het metaalcentrum 
toegankelijker is. Dit verstoort echter de 
tertiaire structuur van het eiwit, hetgeen het 

ontbreken van inductie van enantioselectiviteit kan verklaren. De nieuwe artificiële 
metallo-enzymen zijn niet actief in de twee-fase hydroformylering van styreen. De 
relatief hoge temperatuur en de druk van synthesegas, welke nodig zijn voor het 
uitvoeren van deze reactie, lijken te agressief te zijn voor de PYP-adducten, met als 
gevolg dat katalysatoren uit elkaar vallen. 
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