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Abstract 
 

A series of chiral phosphinoferrocene amides was prepared by the condensation either of 

1’-(diphenylphosphino)ferrocene-1-carboxylic acid (Hdpf) or its planar-chiral 1,2-isomers 

and amino acid methyl esters in the presence of peptide coupling agents. The resulting 

phosphinoamides were tested as ligands in Cu-catalyzed asymmetric conjugate additions of 

diethylzinc to chalcones and in Pd-mediated asymmetric allylic substitution reactions of 

1,3-diphenylallyl acetate with the respective nucleophile (alkylation, amination and 

etherification). The catalytic tests were focused on an optimization of the reaction 

parameters (solvent, temperature, base, metal/ligand ratio) and on survey of various 

substrates. Compounds based on Hdpf proved to be better ligands in both catalytic 

reactions than their planar chiral analogues. In order to rationalize the influence of the 

ligand structure on the reaction course and also to interpret the catalytic results, several 

model complexes were prepared and structurally characterized. 

 Other three series of non-chiral complexes were prepared from the corresponding 

(η6-arene)ruthenium(II) precursor and Hdpf-glycine conjugates; the neutral complexes of 

the type [(arene)RuCl2(Hdpf-Gly(R)-κP)] (arene = benzene, p-cymene, hexamethyl-

benzene; R = OMe, NH2, OH) as well as two series of mono- and dicationic complexes 

resulting from the substitution of the Ru-bound chloro ligands by acetonitrile, which were 

isolated as [PF6]– salts. These complexes proved to be highly active pre-catalyst for 

oxidation of secondary alcohols to the corresponding ketones with t-BuOOH in water. 

 Finally, a new type of ferrocene-based amino acid conjugate, 2-

[(methoxycarbonyl)methyl]-2-aza[3]ferrocenophane, was designed and obtained by the 

condensation reaction of 1,1’-bis(hydroxymethyl)ferrocene and glycine methyl ester. The 

aza[3]ferrocenophane was subsequently reacted with 2,4,6-trinitrophenol to afford the 

corresponding picrate. 

All newly prepared compounds were fully characterized by multinuclear NMR, MS 

and IR spectroscopy, elemental analysis and the crystal structures of several 

representatives were determined by X-ray crystallography. In addition, electrochemical 

properties of the mentioned ruthenium complexes and the aza[3]ferrocenophane were 

studied by cyclic voltammetry. 

Keywords: Amino Acids, Phosphinoferrocene ligands, Amides, Asymmetric catalysis, 

Conjugate addition, Allylic substitution, oxidation, Copper, Palladium, Ruthenium. 
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Abstrakt 
 

Série chirálních amidů byla připravena reakcí 1’-(difenylfosfino)ferrocene-1-karboxylové 

kyseliny nebo jejích planárně chirálních 1,2-izomerů s methylestery aminokyselin v 

přítomnosti činidel používaných v peptidové syntéze. Získané fosfinoamidy byly testovány 

jako ligandy v mědí katalyzované enantioselektivní konjugované adici diethylzinku na 

chalkony a v enantioselektivních allylových substitučních reakcí (alkylace, aminace a 

etherifikace) 1,3-difenylallyl acetátu s odpovídajícími nukleofily. Katalytické testy 

zahrnovaly optimalizaci reakčních parametrů jako je např. volba rozpouštědla, reakční 

teploty, báze a poměr ligandu a kovu. Donory odvozené od Hdpf prokázaly lepší 

katalytické vlastnosti v obou reakcích než jejich planárně chirální analoga. Rovněž bylo 

připraveno a strukturně charakterizováno několik modelových komplexů s těmito ligandy 

za účelem vysvětlení katalytických výsledků a objasnění vlivu struktury ligandu. 

Reakcemi (η6-aren)ruthenatých prekurzorů a příslušného Hdpf-glycinového 

konjugátu byly dále připraveny tři série achirálních komplexů: neutrální komplexy typu 

[(aren)RuCl2(Hdpf-Gly(R)-κP)] (aren = benzen, p-cymen, hexamethylbenzen; R = OMe, 

NH2, OH) a také příslušné mono- a dikationtové komplexy připravené substitucí chloro 

ligadů acetonitrilem. Tyto nabité částice byly izolovány jako [PF6]– soli. Získané ruthenaté 

komplexy se prokázaly být účinnými prekatalyzátory pro oxidace sekundárních alkoholů 

pomocí t-BuOOH na příslušné ketony prováděné ve vodě. 

 Kondenzací 1,1’-bis(hydroxymethyl)ferrocenu a glycin methylesteru byl dále 

získán nový typ ferrocenového konjugátu s aminokyselinou, 2-[(methoxykarbonyl)-

methyl]-2-aza[3]ferrocenofan. Následná reakce tohoto aza[3]ferrocenofanu s 2,4,6-

trinitrofenolem poskytla příslušný pikrát. 

 Všechny nově připravené sloučeniny byly charakterizovány vícejadernou NMR, 

MS a IR spektroskopií a elementární analýzou. Pro několik zástupců byla také pomocí 

rentgenostrukturní analýzy zjištěna krystalová struktura v pevné fázi. Elektrochemické 

vlastnosti ruthenatých komplexů a aza[3]ferrocenofanu byly navíc studovány cyklickou 

voltametrií. 

Klíčová slova: Aminokyseliny, fosfinoferrocenové ligandy, amidy, enantioselektivní 

katalýza, konjugovaná adice, allylová substituce, oxidace, měď, palladium, ruthenium.
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1 Abbreviations 
 

Ac  acetyl 

Boc  tert-(butyloxy)carbonyl 

BOP benzotriazol-1-yloxy-tris(dimethylamino)phosphonium 

hexafluorophosphate 

BSA  N,O-bis(trimethylsilyl)acetamide 

CIC  N-cyclohexyl-N’-isopropylcarbodiimide 

cod  η2:η2-cycloocta-1,5-diene 

Cys  cysteine 

DCC  N,N’-dicyclohexylcarbodiimide 

DIC  N,N’-diisopropylcarbodiimide 

EDC  N-ethyl-N’-[(3-dimethylamino)propyl]carbodiimide 

ee  enantiomeric excess 

EEDQ  N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline 

fc  ferrocene-1,1’-diyl 

Fmoc  (9-fluorenylmethyloxy)carbonyl 

Gly  glycine 

Hdpf  1´-(diphenylphosphino)-1-ferrocenecarboxylic acid 

HOAt  1-hydroxy-7-azabenzotriazole 

HOBt  1-hydroxybenzotriazole 

HODbht 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine 

i-Pr  isopropyl 

PEG  poly(ethylene glycol) 

PG  protecting group 

Ph  phenyl 

SAMP  (S)-1-amino-2-methoxymetylpyrrolidine 

TBTU  O-(benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium tetrafluoroborate 

t-Bu  tert-butyl 

TOF  turnover frequency: mol product/(mol catalyst × reaction time) 

TON  turnover number: mol product/mol catalyst 

UBI  peptide ubiquicidin 

Z  (benzyloxy)carbonyl
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2 Introduction 
2.1 Catalysis 
 

Catalysis, one of the most attractive chemical phenomenon, has become an indispensable 

tool in chemical laboratories and industry. Life would not even exist without catalysis, 

since each cell is a complex catalytic factory using very efficient biocatalytic reactions. 

Catalysis has been defined by Berzelius1 as a process by which rates of chemical reactions 

are altered upon the addition of a substance (the catalyst) that is not itself changed during 

the course of chemical reaction. Catalysts alter activation energy needed to perform a 

certain chemical reaction and thus affect the reaction rate of a particular chemical process. 

In turn, this allows to favor one of several possible chemical transformations and to 

improve the overall selectivity or to perform the reaction under more convenient reaction 

conditions (typically at lower temperatures). As the result, catalysis helps in making 

chemical reactions more efficient, less environmentally demanding and more economic 

and thus plays an important role in developing sustainable approaches to social, economic, 

and industrial development. From an academical viewpoint, investigations into catalytic 

processes represent a challenging research area with a high practical relevance. 

Molecular chirality is an important characteristic in the pharmaceutical, 

agrochemical, flavor and fragrance industry and research because it affects biological 

activities and functions of compounds. Typical example represents limonene (1 in Scheme 

1); the more common (R)-strereoisomer possesses a strong smell of orange, while (S)-

strereoisomer has a piney, turpentine-like odor.2 It has been also shown for many 

 

 
Scheme 1 (RS)-limonene (1) and (RS)-thalidomide (2). 

 

pharmaceuticals that only one enantiomer exerts the desired activity, whereas the other is 

either totally inactive or even toxic. The Thalidomide (2 in Scheme 1) tragedy is well 

known and led to much stricter testing being introduced for drug and pesticide licensing.3 
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There are several possible methods for obtaining enantiomerically pure materials. 

However, catalytic asymmetric synthesis has played a significant role because of its atom 

efficiency and wide applications. 

The importance and practical relevance of catalysis as one of the most perspective 

areas of contemporary chemical research is reflected by the fact that several recent Nobel 

Prizes in chemistry have been awarded in this area. In 2001, the Royal Swedish Academy 

of Science has decided to award W. S. Knowles4a and R. Noyori4b for their work on 

asymmetric catalyzed hydrogenation reactions and K. B. Sharpless4c for his work on 

asymmetric oxidation reactions. The Nobel Prize for chemistry in 2005 was given to R. 

Grubbs,5a R. Schrock5b and Y. Chauvin.5c These laureates have been rewarded for their 

contribution to the development of metathesis reactions in which carbon-carbon double 

bonds are broken and formed catalytically. More recently, in 2010 three researches, R. F. 

Heck, E. Negishi, A. Suzuki, shared Nobel Prize in chemistry for the development of 

palladium-catalyzed cross-coupling reactions, which found manifold use in organic 

synthesis both at laboratory and industrial scales.6 

During the second half of the 20th century, transition metals have come to play an 

important role in organic chemistry and this has led to the discovery of a large number of 

transition metal-catalyzed reactions for creating organic molecules. Transition metals 

possess a unique ability to activate various organic compounds and, through this activation, 

they can catalyze the formation or breaking of chemical bonds. Ligands around the central 

metal atom can profoundly change catalytic performance of a metal ion through their steric 

and electronic or, usually, a combination of both effects. These effects are common for all 

classes of ligands regardless of their structure. Aryl- and alkyl-substituted tertiary 

phosphines are among the most common ligands studied and practically used in catalysis. 

The possibility of almost limitless variation of the substituents at the phosphorus atom has 

made phosphines extremely popular ligands in organometallic and coordination chemistry 

and their complexes accordingly found extensive applications in catalysis. Tuning the 

ligand properties by means of the attached substituents was many times used to improve 

the efficiency and selectivity of transition metal-mediated reactions. 
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2.2 Phosphine-Functionalized Amino Acid Amides 
 

Natural and unnatural amino acids are among the most readily available sources of 

enantiomerically pure chiral compounds (chiral pool) and thus represent an important class 

of building blocks for organic and organometallic synthesis. The term “functionalized 

amino acid amide” used as a title for this sub-chapter stands for amides derived from 

amino acids having additional phosphine functional group(s), which facilitate(s) 

coordination of these compounds to (soft) metal centers and change their donor properties. 

A simultaneous presence of hard and soft donor atoms according to the R. G. 

Pearson’s Hard and Soft Acids and Bases theory7 and chemical variability of the amide 

group enables amino acid based-phosphinoamide ligands to coordinate to almost any metal 

ion and to bind in diverse coordination modes. Phosphinoamides are typical representatives 

of the so-called hybrid ligands,8 which in some cases are able to coordinate in hemilable 

fashion.9 Soft metals usually used in catalysis are bound firmly to ligand’s phosphine 

group while the other (hard donor group) remains free or coordinates only weakly. 

Hemilable ligands can thus provide open coordination sites at the metal during reactions 

that are masked in the resting state, which results in relative stabilization of reactive 

intermediates. This has a particular impact on the catalytic performance of phosphinoamide 

ligands since the metal–oxygen (nitrogen) dative bond can be cleaved by the substrate and 

formed again after the product of the catalytic process is released from the coordination 

sphere of the metal ion. Furthermore, the presence of polar amino acid moiety makes 

phosphino-amino acid amides and their complexes more soluble in polar solutions and can 

even allow for performing catalytic reaction in water. 

Several techniques have been developed to prepare amidophosphines. These 

methods are usually based on the construction of amide bond(s) from suitable (sometimes 

protected) precursor(s). Synthetic protocols for amidation reactions often rely on the 

methods developed for peptide synthesis.10 Thus, the major synthetic approach for the 

preparation of amino acid-based phosphino-carboxamides is represented by conjugation of 

protected amino acids or peptides with phosphinocarboxylic acids in the presence of 

carbodimides (DCC, EDC, CIC, DIC) (Scheme 2). Additives such as N-hydroxy 

heterocyclic derivatives (HOBt, HOAt, HODhbt) increase the efficiency of these 

carbodiimide-mediated reactions and suppress the formation of undesired, relatively stable 

intermediate N-acylurea 4. The beneficial effect of N-hydroxy derivatives is attributed to 
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its ability to protonate O-acylisourea 3 as the primary product. The active esters involved 

in these amidation reactions can be generated either in situ or some of them (typically 

substituted phenyl esters) can be purified, isolated and stored before the amidation reaction 

and then subsequently reacted with an amine to afford the desired amide. The use of 

alternative coupling agents such as phosphonium (BOP), uronium reagent (HBTU) or 

EEDQ (Scheme 3) are also reported in literature.10 

 

 
Scheme 2 Carbodiimide-mediated amide coupling. 

 

 
Scheme 3 Other commonly used coupling agents. 

 

Other notable synthetic route to amino acid phosphinoamides involves palladium-

catalyzed cross-coupling reactions of aryl halides with phosphines, typically with 

diphenylphosphine (HPPh2)11 (A, Scheme 4), and with (trimethylstannyl)- or 

(trimethylsilyl)diphenylphosphine (RPPh2, where R = SnMe3 or SiMe3).12 In addition, 

there were reported nucleophilic phosphination reactions of secondary phosphines with 

halogen-modified protected amino acids proceeding without any transition metal catalyst.13 

In another synthetic approach functionalized α-phosphino amino acids are obtained by one-

pot three-component reaction of primary amines, diphenylphosphine and glyoxylic acid14 

(B, Scheme 4). Yet another noteworthy synthetic method is based on Mannich reaction of 
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amino acid ester hydrochlorides, formaldehyde and secondary phosphine to give N,N-

bis(phosphinomethyl) amino acid derivatives15 (C, Scheme 4). 
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Scheme 4 General synthetic routes towards amino acid phosphinoamides. 

 

3 Catalytic Applications of Amino Acid Phosphinocarboxamides 
 

Phosphinoamides derived from amino acids have found numerous practical applications. 

These donors have proven extremely versatile ligands for coordination chemistry and for 

various transition metal-catalyzed transformations, especially for asymmetric ones.16 

Besides, a number of phosphinoamides have been designed and synthesized for a potential 

use as multifunctional chelator agents for 99mTc- and 188Re-based radiopharmaceuticals.16 

 

3.1 Rhodium-Catalyzed Asymmetric Hydrogenation 
 

The first homogeneous transition metal-catalyzed asymmetric reaction, Rh-catalyzed 

asymmetric hydrogenation, was reported by Noyori in 1966.17 At almost the same time, 

Knowles18 and Horner19 independently discovered that prochiral olefins are 

asymmetrically hydrogenated in the presence of Wilkinson’s catalyst modified by a chiral 

monophosphine. Nowadays, asymmetric hydrogenations utilizing molecular hydrogen to 

reduce prochiral olefins, ketones and imines have become one of the most efficient 
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methods for the preparation of chiral compounds both in research laboratories and 

industrial plants.20 

Several phosphino-carboxamide derivatives were developed from proline, which 

was found to be a good entry to such compounds. Already in 1976, the first proline based-

amido diphosphines 8 were synthesized by Achiwa from L-hydroxyproline (Scheme 5).21 

Hydrogenation experiments with substituted cinnamic acids as benchmark substrates 

revealed remarkable effect of triethylamine additive on the selectivity of the catalyzed 

reaction, particularly in the case of diphosphine 6. Promising catalytic results led to the 

preparation of further N-acyl derivatives.22 The family of proline amidophosphines was 

further extended toward ligands bearing either different phosphine groups23 or acyl 

moieties derived from N-protected amino acids.24 In addition, rhodium complexes of these 

amidophosphines have been studied in solution with NMR techniques for better 

understanding of their coordination behavior and factors influencing the course of the 

catalyzed reactions.25 

 

 
Scheme 5 Synthetic route to 8 starting from L-hydroxyproline. 

 

Achiwa et al. have also synthesized polymer-supported chiral ligand 7 by the 

reaction of 7 with 4-vinylbenzoyl chloride and co-polymerization of the resulting N-(4-

vinylbenzoyl)-8 with 2-hydroxyethyl methacrylate in the presence 

azobis(isobutyronitrile).26 Later on, ligand 8 was immobilized over several water-soluble 

polymers and applied to asymmetric Rh-catalyzed hydrogenations in aqueous reaction 

media.27 

Carbodiimide protocol for the synthesis of phosphine-carboxamides was firstly 

used by Joó and Trócsányi in 1982.28 Conjugation of (diphenylphosphino)acetic acid and 

L-amino acid esters in the presence DCC afforded chiral ligands 9–11 (Scheme 6), that 

were tested in Rh-catalyzed hydrogenation of acetophenone and styrene. The authors have 

observed improvements in the reaction rate and selectivity upon adding water to the 

catalytic system. Condensation reaction of 3-(diphenylphosphino)benzoic acid and an 
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alanine-valine dipeptide resulted in novel phosphine ligands 12 (Scheme 6). These amides 

were found to be suitable for the formation of chelating donors via self-assembly by means 

of hydrogen bonding interactions between the peptidyl side chains.29 

 

 
Scheme 6 Selected amino acid-based phosphine ligands. 

 

Gilbertson et al. have prepared phosphinylated amino acid building blocks derived 

from L-alanine30 (13) and L-proline31 (14, Scheme 7) aiming at incorporation of these units 

into peptides. After desulfuration with Raney nickel, the resulting peptide-based 

diphosphines efficiently coordinated Rh(I) ions. Phenylalanine amidophosphines 15 

(Scheme 7) were synthesized from L-tyrosine via the palladium-catalyzed phosphinylation 

of the respective aryl triflates. This phosphinylation method could be also used to modify 

peptides possessing hydroxyaryl groups.32 The resulting peptides differing by the number 

and type of amino acids bearing various phosphine groups have been examined in 

transition metal-catalyzed hydrogenation reactions.33 

 

 
Scheme 7 Functionalized amino acid based-building blocks for peptide modifications. 
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3.2 Palladium-Catalyzed Asymmetric Allylic Alkylation 
 

Generation of carbon centers whose absolute stereochemistry can by controlled by 

alkylation reactions still represents a major challenge for synthetic chemists. The 

palladium-catalyzed asymmetric allylic alkylation has been demonstrated to be useful in 

the synthesis of valuable small molecules as well as complex natural products.34 Many 

attractive mixed donors, potentially capable of forming chelates have been extensively 

exploited in these reactions. These ligands induce an electronic differentiation of allylic 

termini in (π-allyl)palladium intermediates and thus provide the necessary bias for the 

reaction to proceed selectively.35 

Indeed, the Gilbertson’s library of peptide-derived phosphine ligands (see above) 

has been further extended and used in Pd-catalyzed asymmetric allylic alkylation affording 

moderate enantiomeric excess.36 For a summarizing article concerning the chemistry of 

peptide-containing phosphine amino acids, see reference.37 

A new methodology for the solid-phase synthesis of peptide-based phosphine 

ligands has been developed by Meldal.38 Peptides possessing either primary or secondary 

amine groups have been synthesized according to the usual solid-phase protocol and then 

reacted with (diphenylphosphino)methanol to afford N-(diphenylphosphino)methyl- or 

N,N-bis[(diphenylphosphino)methyl]-substituted peptides. In another work, a series of P,S-

ligands bearing a cysteine-derived amino acid resulted from the same procedure as 

developed for the preparation of phosphine-functionalized peptide.39 These synthetic 

peptides were evaluated as ligands in palladium complexes and tested in asymmetric allylic 

alkylation reactions to afford only a poor selectivity. 

A C2-symmetric chiral diphosphine ligand 1740 was obtained by Morimoto from 

aminophosphine 16, which was prepared from L-valine in five steps (Scheme 8).41 The 

family of 17-type ligands was further extended and the compounds were evaluated in 

asymmetric allylic substitution of both cyclic and acyclic substrates with an excellent 

enantioselectivity.42 Ligand 18 (Scheme 8) and its chalcogeno-derivatives have been 

synthesized43 in order to use the concept of fluorous biphasic catalysis.44 A catalyst bearing 

fluorinated ligand is dissolved in fluorous solvent, whereas the substrate remains in organic 

phase. If the resulting biphasic system is warmed, the catalytic reaction occurs under 

homogeneous conditions. Once the reaction is complete the two phases are readily 
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separated at lower temperature, allowing easy separation of organic phase (product) from 

fluorous phase (catalyst) by simple decantation. 

 

 
Scheme 8 Amidophosphines derived from L-valine. 

 

Phosphinoamides 19–21 (Scheme 9) were obtained from 2-

(diphenylphosphino)benzoic acid and various chiral amines.45 The naphthyl analogue 22 

(Scheme 9) was synthesized in three steps; amidation of 2-hydroxy-1-naphthoate followed 

by triflation and nickel-catalyzed phosphinylation. Ligands 19–22 were studied in 

asymmetric allylic alkylation of 1,3-diphenylallyl acetate with moderate to good 

enantioselectivities. The L-proline-based amide performed best (94% ee). 

 

 
Scheme 9 Chiral phosphino-carboxamide ligands studied in asymmetric allylic alkylations. 

 

3.3 Copper-Catalyzed Asymmetric Conjugate Addition 
 

Asymmetric conjugate addition of organometallic reagents to α,β-unsaturated compounds 

is another basic method in synthetic chemists’ repertoire for the construction of C–C 

bonds. This is mainly due to the broad scope of donors and acceptors that can be employed 

in this reaction. The nucleophiles can be carbon or heteroatom based (H, O, S, Se, N, P, 

Si), whereas the diversity in acceptors arises due to the many possible activating groups 

that can be appended to the double bond (ketones, aldehydes, esters, amides, nitriles, nitro, 

sulfonates, sulfoxides, phosphanes, etc.). Conjugate addition reactions have been used as 

key steps in the synthesis of numerous biologically active compounds.46 
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Breit47 et al. and Hoveyda48 et al. independently reported peptides containing one to 

three L- or D-valine units (23–25, Scheme 10). These ligands were obtained by 

carbodiimide-mediated coupling of valine methyl ester with Z-protected valine. 

Deprotection of the Z-group through hydrogenolysis was followed by amidation with the 

third amino acid or by 2-(diphenylphosphino)benzoic acid. In conjugate addition of 

diethylzinc to cyclohexanone the best enantiomeric induction was achieved with 

compound 24 (97% ee). In addition, Cu/24 catalyst showed a high catalytic activity in 

asymmetric addition of diethylzinc to several α´-oxy enone templates.49 New P,N-ligands 

(26–29, Scheme 10) derived from valinol and prolinol have been developed for the 

asymmetric Cu-catalyzed conjugate addition of diethylzinc to unsaturated ketones.50 The 

donors possessing tertiary amide group proved to be superior to their secondary amide 

counterparts. 

 

 
Scheme 10 Phosphino-based amino acid amides designed for used in Cu-catalyzed 

asymmetric conjugate addition. 

 

3.4 Other Applications to Asymmetric Catalysis 
 

Stille et al. utilized a polymer support to immobilize homogeneous catalysts for Rh-

catalyzed hydrogenation27 (see above). A similar approach was used to prepare polymers 

containing a chiral chelating phosphine by co-polymerization of 8 (R = vinyl) either with 

2-hydroxyethyl methacrylate/ethylene dimethacrylate or with styrene/divinylbenzene, 
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respectively.51 Pt(II) complexes prepared from these polymers in the presence of stannous 

chloride catalyzed asymmetric hydroformylation of a variety of prochiral olefins. 

Since the unique catalytic performance was demonstrated in the asymmetric allylic 

alkylations, ligand 17, its isomer derived from 1,2-disubstituted benzene and diphosphine 

30 (Scheme 11) were further applied to another type of asymmetric catalysis, rhodium-

catalyzed asymmetric hydrosilylations affording chiral alcohols from prochiral carbonyl 

compounds.42a Phosphine-functionalized peptides of the general structure 31 (Scheme 11) 

were found to be suitable candidates for the envisioned self-assembly process. The work of 

Breit et al. presents a perspective interface between the protein design and supramolecular 

catalysis for the design of β-sheet mimetics and screening of libraries of self-organizing 

supramolecular catalysts. The Rh-catalyzed hydroformylation of styrene was chosen as an 

initial test reaction to explore the potential of the self-assembled peptide-based ligands in 

catalysis.52 

 

 
Scheme 11 

 

Finally, complex 32 (Scheme 11) was tested in asymmetric transfer hydrogenation 

of several aryl–alkyl ketones employing 2-propanol as a hydrogen source. In particular, 

catalytic asymmetric transfer hydrogenation using 2-propanol has been shown to be an 

elegant and economic reduction method due to the cheap hydrogen source employed and 

the avoidance of high pressure equipment.53 Unfortunately, complex 32 bearing two 

hydroxy groups achieved only poor conversion and enantioselectivity.54 A series of 13-

type compounds containing multifunctional alanine-based phosphine differing by the 

protection group at the nitrogen atom (Scheme 7) were shown to be good organocatalysts 

for asymmetric [3 + 2]-cycloaddition of allenic esters and enones.55 
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4 Applications of Amino Acid Phosphinoamides in Medicinal 

Chemistry 
 

The 99mTc nuclear isotope is widely used for medicinal imaging due to its nearly ideal 

nuclear characteristic; suitable half-life and optimal emission energy of γ rays. The 

practical use of 99mTc for regular imaging is also facilitated by the ready availability of this 

isotope from the 99Mo/99mTc generator. Technetium-tagged radiopharmaceuticals are 

compounds, for which the targeting moiety (e.g., peptide, hormone) is labeled with 99mTc, 

either directly or by means of a bifunctional chelate, and the 99mTc essentially reaches the 

target site as a passenger. A bifunctional chelate is a multidentate ligand, which has 

appropriate ligating groups for coordination to the metal and also contains a functional 

group for covalent attachment to the targeting moiety.56 For this purpose several 

phosphino-based amino acids or peptides have been developed. Non-radioactive rhenium 

metal ion is utilized for model coordination studies, since the lanthanide contraction 

ensures that the complexes of both elements are very similar in terms of their physical 

characteristic. In addition, 186/188Re radioactive isotopes are suitable for therapeutic use by 

means of β-irradiation.56a,57 One of the most important prerequisites in the design of new 

classes of ligands for technetium/rhenium-based diagnostic and therapeutic agents is the 

development of stable complexes with these metals and the elucidation of their structure. 

As the first example of phosphine derived peptide for biomedicine application, N-

[N-(3-(diphenylphosphino)propionyl)glycyl]-L-(S)-benzylcysteine methyl ester (H233 

Scheme 12), was developed in 1995.58 This potentially tetradentate ligand containing the 

PNNS donor atom set was synthesized by coupling of 3-(diphenylphosphino)propionic acid 

with protected Gly-L-Cys dipeptide. Reaction of H233 with [ReOCl3(PPh3)2], a common 

source of [ReO]3+ moiety, smoothly led to complex 35 (Scheme 12).58 Complex 35 was 

structurally characterized and treated with potassium hydroxide to afford a hydroxo 

complex [ReO(OH)(33-κ4P,N,N,S)].59 In contrast, reaction of [ReOCl3(PPh3)2] with the 

corresponding free acid H334 (Scheme 12) gave rise to two products: [ReOCl(H34-

κ4P,N,N,S)] similar to 35 with non-coordinated protonated carboxylic group and 

[ReO(H2O)(34-κ 4P,N,N,O)], where the ligand is coordinated via carboxylic group instead 

of the sulfur atom.59 Donors H233 and H334 were studied in 99mTc labeling experiments 
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with model peptide (tetragastrin, cholecystokinin-fragment). The peptide was conjugated 

to the ligand chelator by active ester chemistry, either before or after radiolabeling.60 

The coordination reactions of the related ligand MeH336 (Scheme 12) were 

performed with either [ReOCl3(PPh3)2] or PPh4[ReOCl4] as the starting materials in 

equimolar quantities. Both reactions produced the same final mixture of two isomers 

[ReO(Me36-κ4P,N,N,S)] in 1:1 ratio.61 Acid H437 (Scheme 12) and its ester MeH336 were 

labeled with 99mTc at neutral pH, leading to neutral pentacoordinated complexes 

[99mTcO(H37-κ4P,N,N,S)] and [99mTcO(Me37-κ4P,N,N,S)]. In addition, saponification of 

complex molecule bearing the ester function afforded [99mTcO(H37-κ4P,N,N,S)], thus 

confirming the availability of the carboxylic group localized outside the coordination 

sphere.62 

 

 
Scheme 12 Phosphinoamides designed for biomedicine used and an example of rhenium 

complex with these ligands. 

 

A PEG-supported ligand H437 was obtained by standard peptide coupling of PEG-

NH2 and free carboxylic group in H437 in order to avoid the use of an external reducing 

agent during the 99mTc-labeling process. The labeling was based on a supramolecular 

assembly of the PEG-H437 conjugates in aqueous solution to yield micelles that favor the 

reduction and coordination of technetium. However, the labeling did not affect the polymer 

behavior of PEG.63 Recently, the H437-PEG-UBI conjugate was prepared, labeled with 
99mTc and studied as a candidate for clinical imaging of infection.64 

Other chelate ligands 38 (Scheme 13) were synthesized from 2-

(diphenylphosphino)aniline and the corresponding carboxylic acid, and reacted with Re(V) 

precursors. The reaction of both tritylated and non-tritylated donors with [ReOCl3(PPh3)2] 

gave the same expected neutral complex [ReO(38-κ4P,N,N,S)]. A neutral and diamagnetic 

species, [ReN(38b-κ4P,N,N,S)], was isolated during the complexation of 38b with 

[ReNCl2(PPh3)2].65 Liu and co-workers reported a lysin-containing chelator with hydrazine 
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group derived either from 2- or 4-(diphenylphosphino)benzoic acid (39 in Scheme 13) for 

the 99mTc complexes. The free hydrazine group in 39 was found to be unstable and, 

therefore, 2-sulfonatobenzaldehyde hydrazone was used as the protecting group.66 Finally, 

several monodentate functionalized phosphines (40 in Scheme 13) were prepared and 

utilized for coordination of rhenium tricarbonyl species with a dithiocarbamate auxiliary 

ligand.67  

 

 
Scheme 13 Selected ligands prepared for coordination of rhenium/technecium ion. 

 

5 Ferrocene 
 

Sixty years ago a new iron-containing compound C10H10Fe with high and unexpected 

stability was independently reported by two different groups.68,69 The structure of this 

organometallic compound was at first wrongly proposed featuring an iron atom bonded to 

the cyclopentadienyl rings via σ-bonds (41 in Scheme 14). The correct structure of 

bis(cyclopentadienyl)iron with ten equivalent Fe–C bonds (42 in Scheme 14) was put 

forward in two independent publications by Fischer and Pfab70 and by Wilkinson et al.71 

The discovery of ferrocene and elucidation of its unique sandwich structure prompted the 

development of modern organometallic chemistry. 

Ferrocenes have played an important role in many areas of synthetic, material and 

medicinal chemistry.72 Among organometallic compounds, ferrocenes are characterized by 

remarkably high thermal and chemical stability, display electron transfer properties due to 

the ferrocene/ferrocenium redox couple and are prone to a wealth of relatively easy 

derivatization methods. The unique combination of conformational flexibility resulting 
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from facile rotation of the aromatic rings and a relatively rigid cylindrical shape favoring 

the mutually coplanar orientation of the cyclopentadienyl rings has resulted in many 

particular “structure-based” applications of ferrocene derivatives. 

 

 
Scheme 14 Ferrocene: the wrong structure proposed originally (41) and the correct 

formulation (42). 

 

Another attractive feature of ferrocene is the possibility of preparing chiral 

derivatives. Chirality can be introduced simply by attaching a chiral substituent or by the 

generation and manipulation of α-stereogenic centers. The hydrazone 43 readily prepared 

from ferrocenecarboxaldehyde and chiral 2-(methoxymethyl)-1-pyrrolidinamine, 

undergoes highly diastereoselective (>99:1) addition of a number of alkyl lithium reagents 

to give hydrazines 44. Reductive N–N bond cleavage with Raney nickel affords (R)-1-

ferrocenylalkylamides 45 with ~90% ee (Scheme 15).73 Asymmetric reduction of 

ferrocenyl ketones 46, which are easily accessible by Friedel-Crafts acylation of ferrocene, 

is another attractive route for the synthesis of chiral α-ferrocenyl alcohols 47 with excellent 

enantiomeric excesses ~90% (Scheme 15).74  

 

 
Scheme 15 Generation of center chirality in ferrocene compounds. 
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More interestingly, the presence of a chiral substituent containing suitably located 

donor atom on the cyclopentadienyl ring directs lithiation to the adjacent position in 

stereoselective manner. Reaction of the resulting lithio-intermediate with an electrophile 

affords in planar-chiral 1,2-disubstituted ferrocene derivatives. The diastereoselective 

ortho-lithiation reaction was developed by Hayashi and Kumada75 using enantiomerically 

pure N,N-dimethyl-1-ferrocenylethylamine (Ugi-amine, Scheme 16).76 Chiral sulfoxides,77 

cyclic acetals,78 oxazolines,79 SAMP hydrazones80 etc. have been also utilized as the other 

ortho-directing. In combination, the use of chiral ortho-directing groups evolved into a 

method of choice for the preparation ferrocene donors possessing both planar and central 

chirality. 

 

 
Scheme 16 Diastereoselective ortho-lithiation of Ugi’s-amine. 

 

Phosphinoferrocenes are the most frequently studied and practically utilized 

ferrocene ligands. Up to now, tremendous progress has been made in the design of 

phosphinoferrocenes and the related P,N-donors, with decisive stimulus coming from a 

search for new highly active catalysts for organic transformations. A brief mention must be 

made of the symmetrical diphosphine 1,1'-bis(diphenylphosphino)ferrocene (dppf, Scheme 

17). Dppf can coordinate to a number of metals, acting as a monodentate, chelating or 

bridging ligand. Dppf as a catalyst component has found wide applications in various 

carbon–carbon cross-coupling reactions, hydrogenation, hydroformylation and 

hydrosilylation reactions.81 

Chiral phosphinoferrocenes constitute a fundamentally important class of chiral 

ligands for transition metal-catalyzed stereoselective synthesis. The most popular Josiphos-

type ligands82 (Scheme 17) have been applied in four industrial scale processes and several 

others are on pilot stage.83 Wide catalytic utilization of dppf and successful industrial 

applications of Josiphos-type ligands are one of the reasons for this area to develop very 

rapidly. 
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Scheme 17 Representative ferrocene ligands. 

 

5.1 Non-Chiral Phosphinoferrocene Carboxamides 
 

Phosphinoferrocene-carboxamides bearing simple and functional substituents at the amide 

nitrogen have been typically prepared via amide coupling of the respective 

phosphinocarboxylic acid (or its activated derivatives) and amines (see Scheme 2). An 

alternative synthetic route was devised for the preparation of simple amides 49 based on 

the reaction of 1´-(diphenylphosphino)-1-lithioferrocene generated in situ by lithiation of 

1´-(diphenylphosphino)-1-bromoferrocene (PPh2fcBr) and isocyanates (Scheme 18).84 
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Scheme 18 Prepation of simple phosphinoferrocene amides. 

 

Most likely the first phosphinoferrocene carboxamide was synthesized in 1999 by 

the reaction of 1,1´-bis(chlorocarbonyl)ferrocene with two equivalents of (3-

aminopropyl)diphenylphosphine. The resulting diphosphine-amide 50 (Scheme 19) was 

coordinated as a chelate donor toward several metal ions (Mo, Cr, Rh and Ru).85 A number 

of amides were synthesized from 1´-(diphenylphosphino)-1-ferrocenecarboxylic acid 

(Hdpf)86 by Štěpnička and co-workers. Amides 51 (Scheme 19) served as valuable 

building blocks for organometallic synthesis, allowing access to unique P-chelated 

tungsten and chromium carbene complexes.87 Recently, were reported versatile ligands 52–

54 (Scheme 19), whose donor properties can be tuned through changing the substitution 

patterns at the pyridyl ring and the length of the spacer. These ligands showed high 

structural variability in palladium, mercury and cadmium complexes.88 Compounds 52, 53 
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and 5589 were demonstrated to be able to ligate palladium in a relatively rare trans-P,N- or 

trans-P,P-chelating fashion.90 In addition, these donors proved to be good catalyst 

components for Suzuki-Miyaura cross-coupling reactions of aryl bromides and 

phenylboronic acid to give the corresponding biphenyls.88a,89 Recently, the archetypal 

primary amide derived from Hdpf was synthesized together with the related 

carbohydrazide 56 (Scheme 19), which was further converted via standard condensation 

reactions to several phosphinoferrocene heterocycles.91 
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Scheme 19 Representatives of ferrocene-based phosphino-carboxamides. 

 

In order to perform catalytic reactions in water and in biphasic water–organic 

solvent mixtures, two series of highly polar phosphinoferrocene amidoalcohols 5792a and 

amidosulfonates 5892b were designed (Scheme 20). The solid-state structures of the ligands 

and their palladium complexes revealed complicated hydrogen-bonded arrays. Palladium 

complexes with these ligands were tested as defined pre-catalyst for Pd-catalyzed Suzuki-

Miyaura cross-coupling reactions and for Pd-catalyzed cyanation of aryl bromides with 

K4[Fe(CN)6]·3H2O in aqueous reaction media. Ligand 57a, its chalcogenide derivatives 

and platinum and palladium complexes [MCl2(57a-κP)] (M = trans-Pd, trans-Pt and cis-

Pt) were further evaluated for anticancer activity.93 

Attention was also paid to the use of dendritic and star-shaped molecules as 

supporting scaffolds for catalyst systems. The resulting multifunctional catalysts often 

reacted as their parent counterparts, but could be easily recovered and subsequently 
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recycled. Homogeneous but supported dendrimer-like catalysts were synthesized by 

amidation of Hdpf with the appropriate amines and used in Pd-mediated Suzuki-Miyaura 

and Heck reaction of butyl acrylate with bromobenzene to give butyl cinnamate.94 
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Scheme 20 Polar phosphinoferrocenyl amides. 

 

The first phosphinoferrocene-carboxamides bearing glycine-based pendant groups 

have been obtained by the conjugation of Hdpf with glycine esters. Donor 59 was further 

modified both in the amino acids pendant via transformation of the terminal ester group to 

primary amide 60 or to free acid 61 or, and at the phosphine moiety by oxidation to the 

corresponding phosphine oxide 62 or phosphine sulfide 63 (Scheme 21). Hdpf-GlyOMe 59 

 

 
Scheme 21 Synthesis of Hdpf-Gly derivatives. 

 

was firstly studied as a ligand in palladium complexes to demonstrate its versatile 

coordination. It was shown that such donor can simply coordinate via their phosphine 

function or can form P,O- and (after the removal of the amide proton) anionic P,N-chelates 

(see complexes 64–66 in Scheme 22). In addition, compounds 59–61 were reacted with 
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[PdCl2(cod)] or Na2[PdCl4] to afford the respective (mostly solvated) bis-phosphine 

complexes trans-[PdCl2(L-κP)2] (L = 59–61). Catalytic properties of the Hdpf-Gly 

conjugates 59–61 have been demonstrated in palladium-catalyzed Suzuki cross-coupling 

reaction performed in aqueous solution.95 

 

 
Scheme 22 Coordination versatility of ligand 59 in palladium complexes 64–66. 

 

5.2 Chiral Phosphinoferrocene Amides 
 

Planar-chiral amides 67 (Scheme 23) were obtained in several steps from enantiomerically 

pure ferrocenyl sulfoxide via diastereoselective ortho-lithiation and Pd-catalyzed Suzuki-

Miyaura cross-coupling reaction. The compounds were tested as catalytic components in 

asymmetric copper-mediated conjugate addition with moderated to good ee’s.96 A series of 

phosphinoferrocene ligands with secondary and tertiary amide groups 68 (Scheme 23) 

have been prepared from the appropriate (phosphinoferrocenyl)amines and an acid chloride 

or anhydride. As ligands, these compounds were evaluated in asymmetric Pd-catalyzed 

allylic alkylation and showed high conversion and enantioselectivity (99% ee) after 

optimization of the catalytic conditions.97 

Development of novel (phosphino)ferrocenecarboxylic acids and utilization of 

these compounds and their derivatives as organometallic synthons and catalyst components 

have attracted much attention in last decade.98,99 Štěpnička and co-workers have prepared a 

number of phosphinoferrocene amides via amide coupling of the respective 

phosphinoferrocene acids and appropriate amines.99,100 Amides presented in Scheme 24, 
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and their complexes were tested in asymmetric Pd-catalyzed allylic alkylation reaction. 

Catalytic tests revealed that ligands derived from Hdpf bearing only central chirality at the 

amide nitrogen 69 afforded racemic products, whereas their 1,2-isomers 70 possessing 

either planar chirality or combined planar and central chirality elements achieved 90% ee 

under optimized conditions. In contrast, lower ee’s were attained with amides 71 as 

compared to amides 70, which can be accounted for their particular ligating properties. 

Ligands 71 coordinate to palladium as symmetric P,P-chelates and, hence, do not provide 

sufficient electronic differentiation of the allylic termini such in complexes with amides 

70, which form P,O-chelates. 
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Scheme 23 Chiral ferrocenylphosphines with secondary and tertiary amide groups. 

 

Fe

69 R = (S)-Me, (R)-Me

PPh2

Fe

(Sp)-70 R = H, (S)-Me, (R)-Me

N
H

O

PPh2

R

Ph

H
N

O

Ph

R

Fe

(Rp)-71a-f

PPh2

PPh2

N
H

O

R1

R2
R1/R2

a Me/Me
b H/Ph
c (R)-Me/Ph
d (S)-Me/Ph
e Ph/Ph
f H/CH2OH

 
Scheme 24 Chiral ferrocenylamides derived from (phosphino)ferrocenecarboxylic acids. 

 

Another series of chiral amides bearing up to three (Sp)-2-

(diphenylphosphino)ferrocene-1-yl moieties at the periphery (Scheme 25) were prepared 

via similar procedure as the previously mentioned amides 69–71. Palladium catalysts based 

on these ligands promoted asymmetric allylic alkylation of symmetrical substrate 1,3-

diphenylprop-2-en-1-yl with in situ generated malonate anion. Whereas the 

enantioselectivity varied only slightly with the ligand structure (~88% ee), the conversion 

achieved with 72–74 changed with the size of these ligands, being lower with the larger 

donors.101 
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Scheme 25 Planar-chiral amides bearing (Sp)-2-(diphenylphosphino)ferrocene-1-yl 

moieties. 
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6 Aims of the Thesis 
 

With the respect to my previous work focused on the preparation, coordination chemistry 

and catalytic utilization of phosphinoferrocene amino acid conjugates, the non-chiral Hdpf-

Gly amides95 (see page 26), the aim of the presented Thesis was to extend the scope of 

these donors toward chiral representatives resulting from other (chiral) amino acids. The 

series of structurally related phosphinoferrocene-carboxamides was designed to 

incorporate compounds featuring either a chirality center in the amino acid chain or a 

chirality plane, as well as their analogues combining both chirality elements (Scheme 26). 

After the preparation and characterization of such a library of new amino acid 

amides, the next objective was to evaluate the catalytic potential of these donors in 

practically useful asymmetric catalytic processes. Considering the presence of P-, N- and 

O-donor atoms, the ligands were tested as catalytic components in transition metal-

mediated reactions catalyzed either by copper, palladium or ruthenium that are readily 

coordinated by these donors. 

Several attempts to interpret catalytic results were made aiming at the nature of 

putative reaction intermediates and structural factors governing the reaction course. For 

this purpose, several model complexes were synthesized and structurally characterized 

usually featuring Hdpf-GlyOMe (59) as the model achiral donor. 

 

 
Scheme 26 Series of (diphenylphosphino)ferrocene amino acid conjugates presented in 

this Thesis. 
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7 Concise Summary of Results and Discussion 
 

As the first part on my Ph.D. Thesis (Appendix 1), novel amidophosphine ligands were 

prepared via standard amide coupling protocol either from 1´-(diphenylphosphino)-

ferrocene-1-carboxylic acid (Hdpf)86 or its 1,2-planar chiral isomers ((Sp)-75 and (Rp)-

75)102 and from the respective amino acid methyl esters in the presence of EDC/HOBt as 

the commonly used amide coupling agents (Scheme 27). 
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Scheme 27 Library of the prepared phosphinoferrocene carboxamides. Legend: (i) 

EDC/HOBt, (ii) [H3NCH(R)CO2Me]Cl/NEt3. 

 

Whereas amides derived from L-amino acids were obtained in very high yields for 

all phosphinoferrocene acids, reaction of D-amino acids with (Sp)-75 did not reach 

completion and small amounts of the intermediary active ester 1-hydroxybenzotriazolyl 

(Sp)-2-(diphenylphosphino)ferrocene-1-carboxylate was also isolated, very likely due to a 

structural mismatch. 

As a next step, these newly prepared ligands were evaluated in asymmetric copper-

catalyzed 1,4-conjugate addition of diethylzinc to trans-chalcones 84 affording chiral 

ketones 85 (Scheme 28). The pre-catalysts were formed in situ from a copper salt and the 

respective ligand. Attention was firstly paid to an optimization of the reaction conditions in 
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terms of the copper salts, solvent and the Cu/L ratio (see Appendix 1 for complete results). 

The initial screening reactions were performed with ligand (S)-76. 

 

 
Scheme 28 Asymmetric Cu-catalyzed conjugate addition of ZnEt2 to chalcones. 

 

All catalytic reactions afforded either pure products 85a-g or their mixture with the 

starting chalcone in the case of incomplete conversion. In addition, the crude reaction 

mixtures usually contained traces of 1,3,5-triphenyl-2-(1-phenylpropyl)pentane-1,5-dione 

(86). This side-product, formed presumably from an intermediate zinc enolate (Scheme 

29), preferentially crystallized from the product mixture and was structurally characterized. 

 

 
Scheme 29 Plausible reaction pathway leading to the side-product 86. 

 

After the optimization of reaction parameters, the influence of ligand structure on 

the reaction course was established (Table 1). The utilization of donors derived from Hdpf 

generally resulted in good levels of conversion and enantioselectivity. A positive effect of 

the size of the amino acid substituent on the enantioselectivity was observed (the bulkier 

amino acid pendant, the better results). The best results were obtained with the valine 

derivatives (S)-77 and (R)-77 affording the alkylation product with complete conversion at 

0 °C within 4 h and with 84% ee. On the other hand, the planar-chiral phosphines proved 

to be poor ligands with the exception of amide (Sp)-79 possessing only planar chirality and 

bearing the least bulky amino acid substituent. This is rather unexpected, particularly in 
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view of successful utilization of the related planar- and C-chiral ferrocenyl ligands in Pd-

mediated asymmetric allylic alkylation100 and Cu-catalyzed asymmetric conjugate 

addition.46f,j 

 

Table 1 Influence of the ligand structure in Cu-mediated conjugate addition.a 

Entry Ligand Conversion (%) ee (%) [Configuration] 

1 (S)-76 98 70 [R] 

2 (R)-76 97 68 [S] 

3 (S)-77 100 83 [R] 

4 (R)-77 100 84 [S] 

5 (S)-78 92 79 [R] 

6 (R)-78 91 80 [S] 

7 (Sp)-79 86 72 [S] 

8 (S,Sp)-80 20 39 [S] 

9 (R,Sp)-80 14 12 [S] 

10 (S,Rp)-83 13 11 [R] 

11 (S,Sp)-81 10 9 [S] 

12 (R,Sp)-81 32 13 [S] 

13 (S,Sp)-82 16 8 [S] 

14 (R,Sp)-82 23 3 [S] 
a Reaction conditions: 84a (0.5 mmol), ZnEt2 (0.75 mmol), (CuOTf)2·PhMe 

(7.5 μmol, 3.0 mol.-% Cu), ligand (18 μmol, i.e. 3.6 mol.-%), CH2Cl2 (3 

mL), reaction temperature/time 0 °C/4 h. The results are averages of two 

independent runs. 

 

With the most efficient ligand (S)-77 another series of catalytic tests was performed 

in order to elucidate a possible influence of the reaction temperature and to test the related 

substrates 84b-g (Table 2). Lowering of the reaction temperature to –40 °C slightly 

decreased the reaction rate and, surprisingly, had a negative effect on enantioselectivity. 

On the other hand, reaction performed at 20 °C afforded the alkylation product with 87% 

ee. The influence of chalcone substituents in positions 4 and 4’ can be expected to be 

limited to an electronic effect. Indeed, the alkylation of all substituted chalcones was 
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complete within 4 h in the presence of Cu/(S)-77 catalyst and produced the respective 

alkylation products with similar stereoselectivity (ee = 83–90%). 

 

Table 2 Influence of the reaction temperature and chalcone substituent.a 

Entry Substrate T (°C) (t (h)) Conversion (%) ee (%) [Configuration] 

1 84a +40 °C (4) 100 82 [R] 

2 84a +20 °C (4) 100 87 [R] 

3 84a 0 °C (4) 100 83 [R] 

4 84a –20 °C (4) 100 79 [R] 

5 84a –40 °C (4) 41 70 [R] 

6 84a –40 °C (23) 100 64 [R] 

7 84b 0 °C (4) 100 90b 

8 84c 0 °C (4) 100 87b 

9 84d 0 °C (4) 100 90b 

10 84e 0 °C (4) 100 89b 

11 84f 0 °C (4) 100 83b 

12 84g 0 °C (4) 100 85b 
a For reaction conditions, see Table 1, footnote a. Ligand (S)-77 (18 μmol) was 

performed in all reactions. b The configuration was not determined. 

 

In order to interpret the catalytic results, interaction of the copper(I) triflate and 59 

as a model donor was studied in solution and in the solid-state. Mass, 1H and 31P NMR 

spectra were recorded for a mixture copper(I) triflate and 59 at the molar ratio 1:0.9 

showing presence of two species and at 1:2 ratio affording only one product. Addition of 

hexane to a solution of Cu(OTf)2·PhMe and 59 (Cu/L = 1:1) afforded yellow crystals of 

solvated complex [Cu(59-κ2P,O)2](TfO), which was structurally characterized. The crystal 

structure demonstrated that chelate coordination of 59-type donor brings the ligand’s 

chirality into proximity of the catalytically active metal center. Taken together, the data 

suggest an equilibrium mixture of cationic species of the type [CuLn]+ (n = 0–2) formed 

upon the addition of phosphinoamide ligands to copper(I) triflate. The [CuL2]+ cation is 

probably the most stable (isolable), whereas [CuL]+ appears to be a likely precursor to the 

catalytically active species. 



 35 

The second contribution (Appendix 2) focused on the catalytic utilization of the 

extensive series of chiral ligands (Scheme 27) and their complexes in Pd-catalyzed allylic 

substitution reactions. In the view of our previous results, two more phosphinoferrocene 

amides-based Hdpf were synthesized (according the same procedure as in Scheme 27) 

bearing sterically encumbered amino acid pendants from L-leucine and L-isoleucine methyl 

esters (Scheme 30). 
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Scheme 30 Phosphinoferrocene amides (S)-87 and (S,S)-88. 

 

The catalytic potential of all chiral donors was then examined in palladium-

mediated allylic alkylation of 1,3-diphenylallyl acetate 89 with a nucleophile generated in 

situ from dimethyl malonate and a base (Scheme 31). The pre-catalysts were also 

generated in situ from [Pd(μ-Cl)(η3-C3H5)]2 and the respective ligand. The initial screening 

reactions were performed with the simple chiral representatives (Sp)-79 and (S)-76 in order 

to optimize reaction parameters (solvent, base, additive, Pd/L ratio, temperature). In 

addition, another allylic substrate (1,3-diphenylallyl ethyl carbonate), and malonate ester 

(di-tert-butyl malonate) were included in testing (for all catalytic results see Appendix 2). 

 

 
Scheme 31 Asymmetric allylic alkylation catalyzed by [Pd/L]. 

 

Having established the optimal reaction conditions (solvent, base, additive, Pd/L 

ratio), the whole series of ligands was firstly assessed in allylic alkylation (Table 3). 

Among the donors derived from Hdpf, the highest conversion and enantioselectivity was 

achieved with (S)-76 as the ligand bearing the smallest substituent in the amino acid 

pendant. Ligands possessing relatively bulkier groups afforded significantly worse 

enantiomeric excesses. The situation among the planar-chiral amides proved more 



 36 

complicated mostly because the chirality elements may combine in a matched or a 

mismatched manner. Yet again, the best results were obtained with the ligand containing 

the least sterically demanding glycine pendant, (Sp)-79. 

 

Table 3 Survey of the ligands in the Pd-catalyzed allylic alkylation.a 

Entry Ligand Conversion (%) ee (%) [Configuration] 

1 (S)-76 100 85 [S] 

2 (R)-76 100 84 [R] 

3 (S)-77 23 24 [S] 

4 (R)-77 25 26 [R] 

5 (S)-78 56 67 [S] 

6 (R)-78 92 66 [R] 

7 (S)-87 93 65 [S] 

8 (S,S)-88 53 11 [S] 

9 (Sp)-79 81 85 [R] 

10 (S,Sp)-80 55 52 [R] 

11 (R,Sp)-80 34 83 [R] 

12 (S,Rp)-83 43 85 [S] 

13 (S,Sp)-81 80 60 [R] 

14 (R,Sp)-81 12 57 [R] 

15 (S,Sp)-82 51 65 [R] 

16 (R,Sp)-82 15 58 [R] 
a Reaction conditions: 89 (0.25 mmol), dimethyl malonate (0.75 mmol), 

BSA (0.75 mmol), [Pd(μ-Cl)(η3-C3H5)]2 (6.3 μmol, i.e. 5.0 mol.-%), ligand 

(12.5 μmol, i.e. 5.0 mol.-%), CH2Cl2 (3 mL), room temperature, reaction 

time 24 h. The results are averages of two independent runs. 

 

The most catalytic active ligand (S)-76 was further studied in allylic substitution 

using N- and O-nucleophiles (Scheme 32). Allylic amination of 89 with benzylamine in the 

presence of BSA gave only racemic product 91 (96% conversion after 2 days). When the 

reaction was carried out without any base added, it gave only a poor enantioselectivity and 

conversion (13% ee, 29% conversion after 2 days). A related etherification reaction with 
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benzyl alcohol either in the presence of base or with no added base did not proceed at all 

(Scheme 32). 

 

 
Scheme 32 Other tested Pd-catalyzed allylic substitution reactions. 

 

Unfortunately, repeated attempts to synthesize well-defined (solid) (η3-1,3-

diphenylallyl)palladium complexes from (S)-76 failed. Thus, we decided to study the 

reactions in a similar system featuring the achiral model ligand 59 in a solution by NMR 

and electrospray mass techniques (for details see Appendix 2). 

Since subsequent attempts to prepare crystalline materials either from [(η3-

Ph2C3H3)PdCl(59)] or [(η3-Ph2C3H3)Pd(59)]ClO4 were also unsuccessful, we focused on 

(η3-methallyl)palladium complexes containing ligand 59 (Scheme 33). A bridge cleavage 

reaction between dimeric palladium precursor 92 and 59 cleanly afforded complex 94. 

Halide removal from dimer 92 in acetonitrile yielded solvento complex 93, from which 

cationic complexes 95 and 96 were obtained after addition of one or two molar equivalents 
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Scheme 33 Preparation of model (η3-methallyl)palladium complexes featuring ligand 59. 
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of ligand 59. All synthesized complexes were characterized by the standard spectroscopic 

methods and the molecular structures of 93–95 were determined by single-crystal X-ray 

crystallography. This model coordination study expectedly demonstrated that the 

amidophosphine ligands coordinate the soft palladium(II) ion preferentially via their soft 

P-donor site. However, at 1:1 ligand-to-metal ratio they form P,O-chelates. It is the chelate 

coordination that plays a key role in determining catalytic efficacy of these donors as it 

brings chirality of the ligand into proximity to the catalytically active metal ion. 

The subsequent work (Appendix 3) was focused on the preparation of three series 

of (η6-arene)Ru(II) complexes (Scheme 34) containing the previously described Hdpf-Gly 

conjugates95 (59–61). The diruthenium precursors [(η6-arene)RuCl2]2 reacted smoothly 

with 59 yielding the bridge cleavage products 97a-c, in which the ferrocene ligands 

coordinated as P-monodentate donors. The related neutral complex 98b was obtained from 

bis-amide 60 by a similar procedure. In contrast, attempts to synthesize complex 99b from 

the free acid 61 failed due to the side reaction and problems with isolation of 99b from the 

reaction mixture. Subsequent halide removal from 97a-c with two equivalents of Ag[PF6] 

in acetonitrile solution afforded bis-acetonitrile complexes 101a-c as hexafluorophosphate 

salts. The monocationic complexes 100a-c were obtained by reaction of ligand 59 with the 

 

 
Scheme 34 Preparation of (η6-arene)Ru(II)-complexes with ferrocene amido-phosphines. 
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respective solvento complex [(η6-arene)RuCl(MeCN)2][PF6] via displacement of the 

coordinated acetonitrile. Alternative synthetic routes to complexes 100b and 101b have 

been also studied (see Appendix 3). 

The Ru(II) complexes were characterized by spectroscopic techniques 

(multinuclear NMR, MS and IR), elemental analysis and the crystal structures of two 

representatives (97b and 101b) were determined by X-ray crystallography. In addition, the 

electrochemical properties of the complexes were studied by cyclic voltammetry at a Pt-

disc electrode.  

All arene-ruthenium complexes possessing the ferrocenyl donors were further 

tested as defined pre-catalysts in the oxidation of secondary alcohols to ketones, which is 

another important reaction both for laboratory syntheses and industry.103 The most easily 

accessible ruthenium-iron compound 97b was firstly used to find optimal catalytic 

conditions for the oxidation of 1-phenylethanol 102 as a model substrate with t-BuOOH in 

pure water (Scheme 35, for complete results see Appendix 3). Oxidation proceeded even at 

very low catalyst loading (66% conversion after 5 h with 0.001 mol.-% of this Ru catalyst). 

The complete conversion of starting alcohols was reached within 24 h. 

 

 
Scheme 35 Oxidation of 1-phenylethanol to acetophenone with t-BuOOH. 

 
As a next step, the whole series of (η6-arene)ruthenium complexes was evaluated in oxidation 1-

phenylethanol 102 to acetophenone 103 with substrate to catalyst ratio of 100 000:1 ( 
Table 4). The most active catalyst 97b showed an excellent catalytic turnover 

frequency of 13 200 h–1, whereas oxidation reaction under the same conditions without the 

presence of Ru-catalyst did not proceed at all. The conversions were complete for all 

catalysts in 24 h but, on the other hand, the conversions after 5 h were found to depend on 

the structure of the pre-catalysts (conversion between 28%–66%). This observation could 

reflect easy of the conversion of the defined pre-catalysts into the true catalytically active 

species. 

 

Table 4 Catalytic activity of ruthenium–iron complexes.a 
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Entry Catalyst Conversion after 5 h/24 h (%) TON after 24 h TOF after 5 h (h–1) 

1 97a 30/99 99 000 6 000 

2 97b 66/100 100 000 13 200 

3 97c 45/100 100 000 9 000 

4 98b 41/99 99 000 8 200 

5 100a 61/100 100 000 12 200 

6 100b 53/99 99 000 10 600 

7 100c 61/100 100 000 12 200 

8 101a 35/100 100 000 7 000 

9 101b 38/99 99 000 7 600 

10 101c 28/100 100 000 5 600 

11 none 0/0 0 0 
a Reaction conditions: 102 (1.0 mmol), t-BuOOH (4.0 mmol), catalyst (0.01 μmol; i.e. 

0.001 mol.-%), water (4 mL), room temperature, reaction time 5 or 24 h. 

 

Following work was concerned with a kinetic study and possible dependence of 

turnover number on pH of the reaction mixture (Figure 1). The best results were obtained 

at pH ca. 5.5-7.0. This may indicate that aquation reaction plays an important role and that 

an aqua complex might be a real entry to the catalytic cycle. The kinetic study did not 

demonstrate a significant induction period. Moreover, time dependence of the conversion 

was in a good accordance with (pseudo) first–order kinetics. 
 

A      B  

Figure 1 pH dependence of TON (A) and kinetic profile (B) for oxidation of 102 with  

t-BuOOH catalyzed by 97b. 



 41 

Catalyst 97b was then tested for oxidation 102 in various organic solvent or in their 

biphasic mixtures with water and also with various oxidizing agents replacing t-BuOOH 

(see Appendix 3). However, all catalytic results were considerably worse. Finally, catalytic 

study included tests of various secondary alcohols (Table 5). Complex 97b showed at 

0.001 mol.-% loading excellent catalytic properties for most substrates, the exception being 

1-(4-methoxyphenyl)-, sterically hindered 1-(2-bromophenyl)ethanol and aliphatic 

secondary alcohols. 

 

Table 5 Oxidation of various secondary alcohols in the presence of catalyst 97b.a 

Entry Substrate Product 

Conversion 

after 5 h/24 h 

(%) 

Isolated 

yield 

(%) 

1 1-phenylethanol acetophenone 66/100 93 

2 1-(4-fluorophenyl)ethanol 4´-fluoroacetophenone 46/99 92 

3 1-(4-chlorophenyl)ethanol 4´-chloroacetophenone 53/100 90 

4 1-(4-bromoophenyl)ethanol 4´-bromoacetophenone 67/100 91 

5 1-(4-methylphenyl)ethanol 4´-metnylacetophenone 62/99 90 

6 1-(4-methoxyphenyl)ethanol 4´-methoxyacetophenone 44/70 n.d. 

7 1-(3-bromophenyl)ethanol 3´-bromoacetophenone 47/99 92 

8 1-(2-bromophenyl)ethanol 2´-bromoacetophenone 8/35 n.d. 

9 1-(2-naphthyl)ethanol 2´-acetonaphthone 53/100 91 

10 1-cyclohexanol hexahydroacetophenone 13/36 n.d. 

11 diphenylmethanol benzophenone 77/100 94 

12 1-indanol 1-indanone 67/99 90 

13 1-tetralol 1-tetralone 61/99 89 

14 cyclohexanol cyclohexanone 14/55 n.d 

15 2-butanol 2-butanone 8/29 n.d. 
a For reaction conditions, see Table 4, footnote a. 

 

The last article included in this Thesis deals with the preparation of new ferrocene-

containing amino acid (Appendix 4). While seeking for an alternative synthetic method 

affording ferrocene-based amino acid conjugates, we have applied the procedure reported 

by Osakada.104 Compound 105 was thus obtained by condensation reaction of diol 104 
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with glycine methyl ester catalyzed by [RuCl2(PPh3)3] at 170 °C in N-methylpyrrolidone 

(Scheme 36). Apart from 105, a small amount of 2-oxa[3]ferrocenophane (dehydration 

product of the starting 102) was also isolated. Conjugate 105 was characterized by the 

conventional spectroscopic methods, elemental analysis and its crystal structure was 

determined by X-ray analysis. Electrochemical properties were studied by cyclic 

voltammetry. Subsequent alkylation reaction of compound 105 with an excess of methyl 

iodide yielded only the starting unreacted conjugate 105. On the other hand, treatment of 

105 with 2,4,6-trinitrophenol afforded defined crystalline picrate 106 (Scheme 36). 

 

 

Scheme 36 Preparation of aza[3]ferrocenophane 105 and its picrate salt 106 (Hpic = 2,4,6-

trinitrophenol). 
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8 Conclusion 
 

Amide coupling of 1’-(diphenylphosphino)ferrocene-1-carboxylic acid (Hdpf) or its 

planar-chiral 1,2-isomers with amino acid methyl esters as common chiral pool molecules 

smoothly affords novel phosphinoferrocene-carboxamides in extensive series. These easy-

to-synthesize compounds were characterized by standard techniques (NMR, IR, MS) and 

the crystal structure of one representative was determined by X-ray crystallography.  

A library of structurally related amidophosphines combining chirality at the 

ferrocene fragment with that of the amino acid moiety were utilized as ligands in Cu-

mediated asymmetric additions of diethylzinc to chalcones. Donors derived from Hdpf 

were found to be better catalyst components than their 1,2-counterparts. According to the 

data available from the coordination study of model glycine donor and Cu precursor in 

solution and in the solid-state, it is the chelate coordination, which determines catalytic 

efficiency by bringing the chirality from the amino acid side chain to the proximity of 

catalytically active metal center, while the ligand remains firmly bound through the 

phosphine group. 

 The phosphinoferrocene ligands were further successfully tested in palladium-

catalyzed asymmetric allylic alkylation of 1,3-diphenylallyl acetate with dimethyl 

malonate. The Hdpf derivatives showed again better results then the respective 1,2-

counterparts. On the other hand, these ligands performed only poorly in the related allylic 

amination or did not produce any substitution product in the etherification reaction. The 

model coordination study expectedly confirmed hybrid nature of these ligands. Amido-

phosphines preferentially coordinate palladium(II) via their soft phosphor-donor site. 

However, at 1:1 metal-to-ligand ratio they form chelates (P,O- or P,N-). The coordination 

of two different atom leads to an electronic differentiation of allylic termini in the plausible 

(η3-allyl)palladium reaction intermediates. At 1:2 metal-to-ligand ratio, a bis(phosphine) 

complex is formed where the amino acid chirality is located far from the metal center. This 

explains why Hdpf-based ligands at this Pd/L ratio produced only racemic alkylation 

products. The situation with 1,2-isomers is more complicated. Donors groups are situated 

closer to each other, which may result in sterically crowded intermediates and a diminished 

preference for a single reaction intermediate. 

Heterobimetallic Fe(II)-Ru(II) complexes were easily obtained from (η6-

arene)precursors and the respective glycine-ferrocene conjugates. These complexes were 
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characterized by multinuclear NMR, IR, MS spectroscopy, elemental analysis and the 

structure of two representatives was established by single-crystal X-ray diffraction 

analysis. The coordination study demonstrated that phosphino-carboxamides coordinate to 

(η6-arene)ruthenium species strictly in monodentate fashion via the P-donor site. The 

resulting complexes served as highly active pre-catalysts for catalytic oxidation of 

secondary alcohols with t-BuOOH in aqueous media. The oxidation reaction proceed 

cleanly and rapidly even at catalyst-to-metal ratio 1:100 000. Additional, electrochemical 

studies on these complexes revealed an electronic communication between the metal 

centers. 

 Finally, a new type of amino acid-ferrocene conjugate was synthesized by 

condensation of 1,1’-bis(hydroxymethyl)ferrocene and glycine methyl ester. The resulting 

2-[(methoxycarbonyl)methyl]-2-aza[3]ferrocenophane was structurally characterized. The 

cyclic voltammogram of this compound displayed single one-electron reversible oxidation. 
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ïØ ÒÓÎ øÝÜÝ´í÷æ ã ïòîç ø¼ô íÖØôØ ã éòí Ø¦ô í Øô ÝØíÝØ÷ô íòèð
øô í Øô ÑÓ»÷ô íòèð ø¼¬ô Ö ã ïòîô îòè Ø¦ô ï Øô ÝëØí÷ô ìòîï øô ë Øô
ÝëØë÷ô ìòìê ø¼¬ô Ö ã ðòëô îòê Ø¦ô ï Øô ÝëØí÷ô ìòêí ø¼°ô íÖØôØ ã éòíô
ÖÐôØ ã îòï Ø¦ô ï Øô ÝØíÝØ÷ô ëòïì ø¼¬ô Ö ã ïòêô îòê Ø¦ô ï Øô ÝëØí÷ô
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ÒØ÷ô ïéìî øªòô ÝÑ÷ô ïêëî øªòô ¿³·¼» ×÷ô ïëîï øªòô ¿³·¼» ××÷ô ïìíì
øª÷ô ïíìð ø©÷ô ïíðç ø©÷ô ïîêì ø³÷ô ïîïë ø³÷ô ïïçë ø÷ô ïïêë ø³÷ô
ïïðé ø³÷ô ïðçì ø©÷ô ïðêç ø©÷ô ïððï ø³÷ô çèë ø©÷ô èìë ø©÷ô èïç ø³÷ô
éìì øª÷ô êçé øª÷ô ëìë ø©÷ô ìçè ø÷ô ìèì ø÷ô ìëê ø³÷ ½³Pïò Û× ÓÍæ
³ñ¦ øû÷ ã ìçç øîê÷ ÅÓÃõiô ìêè øì÷ ÅÓ P ÑÓ»Ãõô ìíì øêê÷ ÅÓ P
ÝëØëÃõô ìïî øéí÷ ÅÓ P ÝØøÓ»÷ÝÑîÓ»Ãõô íçé øè÷ ÅÓ P ÒØÝØó
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øíè÷ ÅÚ»øÝëØë÷Ãõô ïïë øê÷ô ïðð øê÷ô èí øíè÷ô éé øè÷ô ëê øïé÷ò ØÎ ÓÍæ
½¿´½¼ò º±® ÝîéØîêÒÑíÐÚ» ìççòðçççå º±«²¼ ìççòðçèïò

øÍ°÷óïóøÜ·°¸»²§´°¸±°¸¿²§´÷óîó¥ÒóÅøÎ÷óïóø³»¬¸±¨§½¿®¾±²§´÷»¬¸§´Ãó

½¿®¾¿³±§´£º»®®±½»²» ÅøÎôÍ°÷óéÃæ Ì¸» ¿³·¼» øÎôÍ°÷óé ©¿ °®»°¿®»¼ ¿
¼»½®·¾»¼ ¿¾±ª»ô º®±³ øÍ°÷óï øîðé ³¹ô ðòëð ³³±´÷ô ØÑÞ¬ øèï ³¹ô
ðòêð ³³±´÷ô ÛÜÝ øðòïï ³Ôô ðòêð ³³±´÷ô øÎ÷óÅØíÒÝØøÝØí÷ó
ÝÑîÓ»ÃÝ´ øèì ³¹ô ðòêð ³³±´÷ ¿²¼ Û¬íÒ øðòïð ³Ôô ðòéï ³³±´÷ò
×±´¿¬·±² ¾§ ½±´«³² ½¸®±³¿¬±¹®¿°¸§ ¿ºº±®¼»¼ øÎôÍ°÷óé ¿ ¿²
±®¿²¹» ±´·¼ øïéð ³¹ô êè û÷ò Í±³» øÍ°÷óïð ©¿ ¿´± ·±´¿¬»¼ò ß²¿ó
´§¬·½¿´ ¼¿¬¿ º±® øÎôÍ°÷óéò Å ÃÜ ã Pïëí ø½ ã ðòëô ÝØÝ´í÷ò ïØ ÒÓÎ
øÝÜÝ´í÷æ ã ïòìê ø¼ô íÖØôØ ã éòî Ø¦ô í Øô ÝØíÝØ÷ô íòêð øô í Øô
ÑÓ»÷ô íòèï ø³ô ï Øô ÝëØí÷ô ìòïê øô ë Øô ÝëØë÷ô ìòìë ø¼¬ô Ö ã ðòëô
îòê Ø¦ô ï Øô ÝëØí÷ô ìòéï ø¼°ô íÖØôØ ã éòíô ÖÐôØ ã ïòë Ø¦ô ï Øô
ÝØíÝØ÷ô ëòðê ø¼¬ô Ö ã ïòìô îòè Ø¦ô ï Øô ÝëØí÷ô éòïìPéòêð ø³ô ïï
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ìèòïç øÝØíÝØ÷ô ëîòîï øÑÓ»÷ô éðòçî øÝØ ÝëØë÷ô éïòìî øÝØ ÝëØí÷ô
éíòðë ø¼ô ÖÐôÝ ã î Ø¦ô ÝØ ÝëØí÷ô éìòëí ø¼ô ÖÐôÝ ã ë Ø¦ô ÝØ ÝëØí÷ô
éêòîë ø¼ô ïÖÐôÝ ã ïî Ø¦ô ÝÐ ÝëØí÷ô èðòîì ø¼ô îÖÐôÝ ã ïè Ø¦ô
ÝÝÑÒØ ÝëØí÷ô ïîèòïè øÝØ ÐÐ¸î÷ô ïîèòîï ø¼ô íÖÐôÝ ã ê Ø¦ô ÝØ
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ÝëØëÃõô ìïî øêì÷ ÅÓ P ÝØøÓ»÷ÝÑîÓ»Ãõô íçé øè÷ ÅÓ P ÒØÝØó
øÓ»÷ÝÑîÓ»Ãõô íéì øíè÷ô íìê øíí÷ô îçï øè÷ô îìé øè÷ô îîê øè÷ô îðï
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ïè Ø¦ô ÝÝÑÒØ ÝëØí÷ô ïîèòíï ø¼ô íÖÐôÝ ã ê Ø¦ô ÝØ ÐÐ¸î÷ô ïîèòíê
øÝØ ÐÐ¸î÷ô ïîèòìï ø¼ô íÖÐôÝ ã ç Ø¦ô ÝØ ÐÐ¸î÷ô ïîçòèï øÝØ ÐÐ¸î÷ô
ïíîòðé ø¼ô îÖÐôÝ ã ïé Ø¦ô ÝØ ÐÐ¸î÷ô ïíëòîî ø¼ô îÖÐôÝ ã îï Ø¦ô ÝØ
ÐÐ¸î÷ô ïíëòëê ø¼ô ïÖÐôÝ ã ê Ø¦ô Ý·°± ÐÐ¸î÷ô ïíéòìð ø¼ô ïÖÐôÝ ã ê Ø¦ô
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ø¼»°¬ô íÖØôØ ã ìòèô êòè Ø¦ô ï Øô ÝØÓ»î÷ô íòìí øô í Øô ÑÓ»÷ô íòèë
ø³ô ï Øô ÝëØí÷ô ìòïí øô ë Øô ÝëØë÷ô ìòìê ø¼¬ô Ö ã ðòëô îòê Ø¦ô ï Øô
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øÝØ ÝëØë÷ô éïòëç øÝØ ÝëØí÷ô éíòêì ø¼ô ÖÐôÝ ã î Ø¦ô ÝØ ÝëØí÷ô
éìòëð ø¼ô ÖÐôÝ ã ì Ø¦ô ÝØ ÝëØí÷ô éëòìë ø¼ô ïÖÐôÝ ã ïï Ø¦ô ÝÐ ÝëØí÷ô
èðòéî ø¼ô îÖÐôÝ ã îð Ø¦ô ÝÝÑÒØ ÝëØí÷ô ïîèòïê øÝØ ÐÐ¸î÷ô ïîèòïç
ø¼ô íÖÐôÝ ã ê Ø¦ô ÝØ ÐÐ¸î÷ô ïîèòíí ø¼ô íÖÐôÝ ã ç Ø¦ô ÝØ ÐÐ¸î÷ô
ïîçòêè øÝØ ÐÐ¸î÷ô ïíîòðê ø¼ô îÖÐôÝ ã ïé Ø¦ô ÝØ ÐÐ¸î÷ô ïíëòîì ø¼ô
îÖÐôÝ ã îï Ø¦ô ÝØ ÐÐ¸î÷ô ïíêòîê ø¼ô ïÖÐôÝ ã é Ø¦ô Ý·°± ÐÐ¸î÷ô
ïíèòîê ø¼ô ïÖÐôÝ ã é Ø¦ô Ý·°± ÐÐ¸î÷ô ïéðòîì ø¼ô íÖÐôÝ ã ì Ø¦ô
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