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CHAPTER 7 
 

 

 

 

Dynamic Combinatorial Libraries of Phosphorus 

Ligands: Development and Applications 
 

 

 

 

 
Abstract: The dynamic character of the P-N bond in phosphorus ligands for applications in Dynamic 

Combinatorial Chemistry was studied. Reversible exchange of the amine on phosphorus was 

observed and dynamic combinatorial libraries of phosphoramidite and aminophosphine ligands were 

developed. 
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7.1 Introduction 
 

The application of Dynamic Combinatorial Chemistry (DCC) to homogeneous catalysis is still in its 

infancy. As clear from the previous chapter, this requires a mixture of dynamic catalysts that are in 

equilibrium with each other, and a selection procedure that involves a transition state analogue (or 

intermediate). There are too date only two reports of supramolecular catalysts which make use of a 

DCC approach,1 and only three examples which apply transition state analogues to make or select a 

transition metal catalyst.2 The application of the DCC strategy to transition metal catalysis involves a 

Dynamic Combinatorial Library (DCL) of ligands, as they generally determine the activity and 

selectivity of the catalyst. In the presence of a properly designed target or template the best catalyst 

should be selected and amplified from the library (Scheme 1 and see Chapter 6). To develop 

successfully a DCL, three basic requirements need to be fulfilled:3  

- Reversible processes to connect (or interconvert) the constituents of the DCL. 

- Procedure to quench these processes so as to lock-in irreversibly the constituent(s) 

expressed. 

- Characterization of the expressed constituent(s) of the DCL. 

 

 We anticipated that the use of the aminolysis of trivalent phosphorus could be the key 

reaction to construct our DCL of ligands that form the transition metal catalysts, as this is catalyzed 

by weak acids (Scheme 1).4 Importantly, the substitution by aminolysis on aminophosphines only 

occurs if the added amine is less basic than the corresponding amine in the aminophosphine.5 

 

 

Scheme 1. Aminolysis of trivalent phosphorus. 

 

In this chapter, we report the aminolysis of phosphoramidites and the possibility to control 

this exchange under thermodynamic conditions to generate a dynamic combinatorial library. We 

developed dynamic libraries of phosphoramidite or aminophosphine ligands bearing diversely 

substituted amines. We also describe the study of those DCLs in presence of transition metals: 

catalyst precursors or a transition state analog (TSA). The ultimate goal of this project is to 

demonstrate that the selection of catalysts by amplification and over-expression of one (or several) of 

the constituents of a dynamic combinatorial library in presence of a designed target such as a 

transition state analog or an intermediate of reaction (Scheme 2) is possible. 
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Scheme 2. Dynamic selection by exchange of amines on coordinated ligands. 

 

Several pathways for the aminolysis of amidite ligands have been considered:6 P-

protonation (Scheme 2a), N-protonation (Scheme 2b) or formation of a reactive H-bonded complex 

(H partially donated to P and transferred to N when the amine departs, see Scheme 2c). According to 

calculations the N-protonation favors the cleavage of the P-N bond and increases the susceptibility of 

phosphorus atom to nucleophilic attack. However, N-protonation was never directly observed. The P-

protonated compound was proved to react more reluctantly than the unprotonated compound in 

presence of a weak acid (e.g. AcOH),7 supporting the calculations; the reaction cannot take place via 

P-protonation (Scheme 2a). The experiment using an excess of 1H-tetrazole allowed the observation 

of the tetrazolide intermediate 2.8 Kinetic studies with different amines led Dahl and coworkers9 to 

the conclusion that the formation of the tetrazolide is the rate-limiting step (quick protonation of the 

nitrogen of the aminophosphine followed by slow formation of the tetrazolide 2). 

 

 

Scheme 3. Proposed reaction pathways for the aminolysis of phosphorus ligands. a) P-protonation, 

strong acid used. b) N-protonation, weak acid used. c) H-bonded complex, weak acid used. 
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7.2 Results and discussion 
 

7.2.1 Development of DCL using the dynamic character of the P-N bond 
 

Preliminary experiments to study exchange processes of amidite ligands in the presence of 1H-

tetrazole as the catalyst were performed with secondary amines with different associated pKas10 to 

determine the reaction conditions when phosphoramidites are used instead of aminophosphines 

(Scheme 4). The reactions were monitored by 31P NMR (see Table 1). Complete conversion of the 

phosphoramidite 3 bearing the diethylamine (pKa = 10.5) to the phosphoramidite 4 was obtained with 

morpholine (pKa = 8.3, Table 1 entry 1) whereas no conversion was observed with both 

diisopropylamine (pKa = 11.0, Table 1 entry 2) and piperidine (pKa = 10.9, Table 1 entry 3). After 

complete conversion of phosphoramidite 3 to morpholine-derived phosphoramidite 4, two equivalents 

of diethylamine were added to examine if the reaction was reversible. No conversion to the starting 

material was observed after 3 h (Table 1 entry 4). Thus, similarly to aminophosphines, to realize the 

exchange, only a less basic amine substitutes the one attached on the phosphorus. As reported11 two 

driving forces are involved in the amine exchange: the formation of the most stable ammonium salt 

(i.e. the salt of the most basic amine) and the attack of the less basic amine. 

 

 

Scheme 4. Exchange of amine on phosphoramidite. 

 

Table 1. Amine exchange experiments on phosphoramidite ligands.a 

Entry Ligand Amine Observations 
1 3 Morpholine Formation of the morpholine derived ligand 
2 3 Diisopropylamine No conversion 
3 3 Piperidine No conversion 
4b 4 Diethylamine No reversibility 

[a] Phosphoramidite/amine/1H-tetrazole: 1/2/2, solvent: toluene, reflux, 3 h. [b] Reaction medium of 

entry 1 used to observe the reversibility. 
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7.2.2 Dynamic exchange on free ligands 
 

From these initial results we designed experiments in which the exchange of amines on 

phosphoramidite ligand was under thermodynamic control. Ideally, the ligands of the library should 

be of same energy to form the dynamic library, with no (or small) bias toward a specific member. 

Thus for the aminolysis of phosphoramidites, the constituents of the DCL must have similar 

electronic properties, i.e. similar pKa. Amino acids are ideal candidates to generate such dynamic 

ligand libraries because they constitute a versatile and readily available set of chiral amines with 

similar pKas. 

 

 

Scheme 5. Dynamic exchange of amines on phosphoramidite (the double arrow represents the 

dynamic exchange between the different constituents of the DCL). 

 

To evaluate if a mixture of amino acids would lead to the formation of a small DCL, we 

added an equimolar mixture of three methyl ester protected amino acids (L-valine methyl ester, L-

leucine methyl ester and L-phenylalanine methyl ester) to a solution of phosphoramidite 3 and 1H-

tetrazole (2 eq.) in toluene (Scheme 5). After 3 h at reflux, full conversion was observed by 31P NMR 

as compound 3 was completely converted. The reaction contained a mixture of the three amino acid-

derived phosphoramidites 5, 6 and 7 in a ratio 1/1.2/1.2 (Figure 1a). Partial decomposition of the 

ligand was also observed. One additional equivalent of the L-leucine methyl ester was then 

subsequently added at room temperature and the solution was refluxed for another three hours. We 

observed a change in the ratio between the three different phosphoramidites 5, 6 and 7: 1/2/1.1 

(Figure 1b). This experiment proved that the different constituents of the library are in dynamic 

exchange under the conditions applied and that the P-N bond formation is reversible. When an 

additional equivalent of L-valine methyl ester was added to the solution and stirred overnight at room 

temperature, no further exchange was observed as the ratio between the phosphoramidites 5, 6 and 7 
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remained the same. Hence, simply cooling the reaction to room temperature completely stopped the 

exchange process, which enables to “freeze” the library in a given state. This indicates that with these 

ligands a selection procedure could be carried out at reflux temperature, whereas isolation of the 

selected ligand could be done at room temperature. 

In this experiment a small library was evaluated by 31P NMR.  However, for larger libraries 

and more complex mixtures, analysis by mass spectrometry may provide a more suitable analysis 

method. 

 

 

Figure 1. a) 31P NMR spectrum after 3 h reflux of phosphoramidite 3 with 1H-tetrazole and an 

equimolar mixture of ester-derived amino acids. b) 31P NMR spectrum after 3 h reflux in presence of 

one supplementary equivalent of L-leucine methyl ester. 

 

We also extended the dynamic exchange of amines to other classes of phosphorus ligands 

and we studied other libraries of amines. A relatively large set of chiral primary amines based on an 

alkyl and an aryl moieties with similar electronic properties is commercially available. We focused on 

aminophosphine ligands, a more electron-rich class of phosphorus ligands, to study the electronic 

influence on the dynamic exchange of the P-N bond. 

 

The diethylaminodiphenylphosphine 8 was synthesized by simple condensation of 

chlorodiphenylphosphine with diethylamine. In presence of (S)-(-)-1-phenylethylamine 9 (and 1 eq. 

of 1H-tetrazole) in acetonitrile, full conversion to ligand 10 was observed at room temperature after 

30 minutes (Scheme 6). With these ligands selection procedures can be carried out at room 

temperature but to stop the process the mixture has to be frozen to quench the process of exchange. 

Since the exchange of amines is acid-catalyzed, modifying the pH of the reaction is also considered 
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as a practical tool to control the system. When mixing the starting aminophosphine 8 and the (S)-(-)-

1-phenylethylamine 9 in the absence of 1H-tetrazole, no exchange was observed after 30 minutes 

stirring at room temperature (Figures 2a and 2b) indicating that under these conditions the mixture is 

frozen. The addition of one equivalent of 1H-tetrazole induced the formation of the aminophosphine 

10 (Figure 2c). The addition of one equivalent of the (S)-(-)-1-phenylpropylamine 11 afforded a 

mixture of the two ligands 11 and 12 (Figure 2d).  Subsequent addition of a supplementary equivalent 

of the (S)-(-)-1-phenylethylamine 9 changed the ratio between the aminophosphines 11 and 12 

(Figure 2e) proving the dynamic character of the P-N bond with this class of aminophosphine ligands. 

 

Scheme 6. Dynamic exchange of amines on aminophosphine. 

 

Figure 2. Dynamic exchange on aminophosphines observed by 31P NMR. 
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7.2.3 Metal complexes of dynamic ligands. 
 

Now we have demonstrated that phosphoramidite and aminophosphine ligands are suitable building 

blocks to construct DCL, we wanted to study if the exchange process is compatible with metal-

coordination chemistry. In this section, we report our efforts directed towards using the aminolysis 

reaction directly on phosphorus compounds that are coordinated to a metal center. Such exchange 

processes would enable to assemble DCLs of metal complexes as depicted in Scheme 2. We prepared 

several precatalysts by mixing the ligands with a metal precursor and subjected these to conditions 

that enable dynamic exchange of the amines of the ligands to study if they exchange when 

coordinated to the metal (see Table 2). The crude reaction mixtures were analyzed by 31P NMR and 

by mass spectrometry. The [Rh(3)2(cod)]BF4 complex was formed and gave a characteristic signal at 

152 ppm. Multiple peaks in the phosphoramidite regions (� = 165 ppm - 135 ppm) and peaks 

indicating partial degradation were observed when the rhodium complex was subjected to an 

equimolar mixture of three ester-derived amino acids and one or two equivalents of 1H-tetrazole with 

respect to the phosphorus (Table 2 entries 1 and 2). Although these observations suggest that the 

exchange of amines had occurred, mass spectrometry did not confirm the presence of the expected 

metal complexes resulting from the dynamic exchange of amine. The number of phosphorus peaks 

observed by NMR is partly explained by the displacement of cyclooctadiene (cod) by coordinating 

amines or 1H-tetrazole that are present in solution. Complete degradation of ligand 3 in 

[Rh(cod)(3)2]BF4 was observed in presence of the (S)-(-)-phenylethylamine 9 in the presence or 

absence of 1H-tetrazole at reflux (Table 2 entries 3 and 4). The decomposition of ligand 3 occurred 

also when these experiments were carried out at room temperature in toluene or acetonitrile (Table 2 

entry 5). The decomposition of the ligand 8 under exchange conditions was also observed for 

Rh(cod)(8)2BF4 (Table 2 entry 6). Multiple peaks were observed with the iridium complexes of 

ligands 3 or 8 when subjected to exchange conditions (Table 2 entries 7 and 8). Multiple peaks were 

also observed using palladium with stronger coordinating ligands such as chloride (Table 2 entries 9 

and 10). Mass spectrometry never confirmed the formation of the expected ligands, suggesting that 

the decomposition of ligands is faster than the exchange of amines. 
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Table 2. Attempts of dynamic exchange on different complexes formed with phosphoramidite 3 or 

aminophosphine 8.a 

Entry Precatalyst Amineb TH (eq.)c Observationsd 

1 [Rh(cod)(3)2]BF4 Mixturee 1 Multiple peaks 
2 [Rh(cod)(3)2]BF4 Mixturee 2 Multiple peaks 
3 [Rh(cod)(3)2]BF4 9 - Degradation 
4 [Rh(cod)(3)2]BF4 9 2 Degradation 
5f [Rh(cod)(3)2]BF4 9 2 Degradation 
6 [Rh(cod)(8)2]BF4 Mixturee 2 Degradation 
7 Ir(cod)(3)Cl Leu-OMe 2 Multiple peaks 
8 Ir(cod)(8)Cl Leu-OMe 2 Multiple peaks 
9 Pd(3)2Cl2 9 2 Multiple peaks 
10 Pd(8)2Cl2 9 2 Multiple peaks 
11 Pt(3)2Cl2 9 - No conversion 

12 Pt(3)2Cl2 9 2 Triplet at 93.6 ppm 

13g Pt(3)2Cl2 9 2 Triplet at 93.6 ppm 

14 13 9 - No conversion 

15 13 (S,S)-DPENh 1 2 doublets at 174.1 and 173.8 
ppm, singlet at 171.3 ppm 

16 13 (S,S)-DPENh 2 Singlet at 169.3 ppm 

17 13 9 2 Singlet at 169.3 ppm 

18g 13 9 2 Singlet at 169.3 ppm 

[a] Reaction conditions: 3 h at reflux in toluene unless noted. [b] 2 equivalents of amine (1 equivalent 

for diamine) introduced with respect to phosphorus ligand. [c] 1H-tetrazole used as acidic catalyst, 

equivalent added with respect to phosphorus ligand. [d] Crude medium analyzed by 31P NMR. [e] 

Equimolar mixture of ester derived amino acids Leu-OMe, Val-OMe and Phe-OMe, 1 equivalent 

added with respect to phosphorus ligands. [f] Reaction carried out at room temperature in toluene, 

reaction also tested in acetonitrile. [g] Reaction carried out at room temperature. [h] (S,S)-

diphenylethylenediamine. 

 

 With Pt(3)2Cl2, no dynamic exchange was observed in the absence of 1H-tetrazole but the 

complex remained stable and intact (Table 2 entry 11). Surprisingly, a unique triplet is observed by 
31P NMR in presence of the acidic catalyst, corresponding to the platinum complex where the two 

chlorides have been displaced by two tetrazolates (Table 2 entries 12 and 13). This was also 

confirmed by HR-MS.  

 

The ruthenium complex 13 (Scheme 7), an important precatalyst in ruthenium-catalyzed 

asymmetric hydrogenation, was prepared from mixing the dimer [RuCl2(C6H6)]2 with four 

equivalents of phosphoramidite 3 in DMF at 100°C. After cooling down to room temperature, (S,S)-

diphenylethylenediamine was added to afford the desired complex (Scheme 7). When only one 

equivalent of 1H-tetrazole was used to perform the exchange on the ruthenium complex (Table 2 

entry 15), the starting complex was observed as a singlet at 171.3 ppm. In addition to this signal, two 
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doublets were observed which indicate the formation of a complex with two unequivalent phosphorus 

ligands (JP,P’=107 Hz, Figure 3a). This does not correspond to a successful exchange of amine on the 

phosphoramidite but to the exchange of one of the chlorides by one tetrazolate leading to the complex 

14. The addition of a supplementary equivalent of 1H-tetrazole leads to the exchange of the second 

chloride, providing 15 as a stable complex, irrespective of the amine and the temperature used (Table 

2 entries 16-18). The structure of the complex 15 was confirmed by X-ray analysis (Figure 4). The 

two tetrazolate ions are positioned in trans position similarly to the chlorides in the complex 13. The 

two phosphoramidites remain in cis position and intact and the (S,S)-diphenylethylenediamine is still 

coordinated to the ruthenium. 

 
Scheme 7. Synthesis of the ruthenium precursor 13 and structures of the complexes 14 and 15 

obtained in the exchange conditions. 

 

 
Figure 3. a) 31P NMR spectrum obtained after refluxing 3 h in toluene 13 in presence of one 

equivalent of (S,S)-DPEN and one equivalent of 1H-tetrazole with respect to phosphorus. b) 31P NMR 

spectrum obtained after refluxing 3 h in toluene 13 in presence of one equivalent of (S,S)-DPEN and 

two equivalents of 1H-tetrazole with respect to phosphorus. 
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Figure 4. ORTEP structure of (S,S,S,S)-15 (Hydrogen atoms omitted for clarity). Selected bond 

distances (Å): Ru1-P1 = 2.2606, Ru1-P2 = 2.2566, Ru1-N3 = 2.168, Ru1-N4 = 2.150, Ru1-N5 = 

2.080, Ru1-N9 = 2.075, N5-N6 = 1.313, N5-N8 = 1.344, N8-C63 = 1.320, N7-C63 = 1.311, N6-N7 = 

1.347, N9-N10 = 1.311, N9-N12 = 1.347, N10-N11 = 1.344, N11-N64 = 1.319, N12-C64 = 1.331. 

 

 

7.2.4 Ruthenium-catalyzed asymmetric hydrogenation of acetophenone. 
 

 Ruthenium complexes with two phosphorus ligands (two monodentate or one bidentate) 

and a chiral 1,2-diamine are classical catalysts for the asymmetric hydrogenation of ketones. The 

most well-known complex is based on BINAP as the ligand, chemistry that was developed by 

Noyori.12 Only a few complexes of this type based on phosphoramidite ligands have been reported.13 

The hydrogenation of acetophenone with the ruthenium dichloride precatalyst 13 (5 mol %) in 

presence of KOtBu as base in 2-propanol at 25°C under 10 bar of H2 resulted in 96 % of conversion 

and in 57 % ee of the product in favor of the (R)-1-phenylethanol (Table 3 entry 1). Increasing the 

substrate to catalyst molar ratio to 200 and the temperature to 60°C lead to similar conversion (95 %) 

and to lower selectivity (45 % ee, Table 3 entry 2). The ruthenium-catalyzed hydrogenation of simple 

ketones has been extensively studied and the catalytic cycle is generally accepted to proceed via a 

bifunctional mechanism.14 Prior to catalysis, the active catalyst [RuHX(3)2((S,S)-DPEN] (X = H or 
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OR) is generated from 13 in the presence of an alkaline base (KOt-Bu, KOH…) and a proton source 

(molecular H2 or 2-propanol). In absence of base the reaction rate is significantly lower; the generally 

accepted role of the base is to neutralize the HCl formed during the activation.14 We have evaluated 

our new precatalyst 15 in the hydrogenation of acetophenone using two different conditions (5 mol 

%, 25°C, 48 h and 0.5 % mol, 60°C, 24 h). In both experiments the selectivity was similar to that 

afforded by the ruthenium dichloride precatalyst (53 % and 61 %, respectively), showing little 

influence of the tetrazolate. However, significantly lower activities were obtained (7 % and 8 % 

conversion, respectively; Table 3 entries 3 and 4). The activation of the catalyst is apparently strongly 

influenced by the anion that is used on the starting complex. 

 

Table 3. Asymmetric Ruthenium-catalyzed hydrogenation of acetophenone.a 

 
 

Entry Catalyst cat. [%] Temp. [°C] t [h] Conv. [%]b ee [%]c R, S 

1 13 5 25 48 96 57 R 
2 13 0.5 60 2.5 95 45 R 
3 15 5 25 48 7 53 R 
4 15 0.5 60 24 8 61 R 

[a] 10 eq. of base added with respect to the catalyst. [b] Conversion determined by 1H NMR. [c] ee 

determined by chiral HPLC, absolute configuration not determined. 

 

 

7.3 Conclusions 
 

The dynamic character of the P-N bond has been explored for the application of these classes of 

ligands in DCC. For different classes of phosphorus ligands, the reversible exchange of the amine has 

been demonstrated with two sets of primary amines. These results bring a new reversible covalent 

bond that can be broken and reformed under thermodynamic control, to the catalog of the existing 

dynamic covalent bonds studied in dynamic combinatorial chemistry. Importantly, the libraries are 

made up of well established ligands (phosphoramidites, aminophosphines…) for transition metal 

catalysis and thus potentially open the way to DCL of TM complexes. Our preliminary results to use 

the dynamic exchange of P-N bonds with amines on ligands coordinated to Rh, Ir, Pd and Pt were 

unsuccessful. The major hurdle to this chemistry appears to be the harsh conditions of exchange and 

the use of 1H-tetrazole acidic as catalyst. Tetrazole is in itself a relatively good ligand for LTM and 

can easily displace cod and chloride from the metal center. The coordinated ligand is not subject to 

any exchange of amine. To solve this problem the ligand has probably to dissociate from the metal. 
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The design of the proper catalyst is the key point for the breakthrough in transition metal catalysis 

using a dynamic combinatorial library of phosphorus ligands. 

 

 

7.4 Perspectives 
 

The possible applications of the new combinatorial library based on amine exchange on phosphorus 

ligands are broad. The use of monodentate, mixtures and supramolecular monodentate ligands are 

powerful tools in combinatorial catalysis (see Chapter 1 and Chapters 4 and 5). A set of peptides can 

be used as a library to construct the DCL. Linked to monodentate ligands they self-assemble through 

hydrogen bonds forming heterobidentate ligands.15 Under thermodynamic control and with a metal 

precursor coordinated by two phosphorus ligands, the constituents forming the strongest 

supramolecular interactions will be expressed and will lead to the formation of the most stable 

bidentate ligands (Scheme 8a). The analysis of the reaction mixture by mass spectrometry, if the 

chains of amino acids have different masses, allows the identification of the couples of two 

monodentate ligands that will likely form stable supramolecular bidentate ligands. This constitutes an 

important dynamic combinatorial method to generate and identify the relevant combination(s) of 

ligands among all the ones possible in such libraries without having to test and check them one by 

one using 31P NMR spectroscopy. 

 

Interesting targets for the dynamic combinatorial approach in transition metal catalysis are 

the intermediates of the catalytic cycle. As seen in the previous chapter, to lower the energy barrier of 

a reaction the intermediate prior to the rate-determining step has to be destabilized and the library 

needs to be screened for the most unstable intermediate formed, which is experimentally challenging. 

But another step of the catalytic cycle is crucial, the one where the selectivity is determined. In the 

rhodium-catalyzed asymmetric hydrogenation of alkenes through the ‘classic’ mechanism, substrate 

coordination followed by oxidative addition of dihydrogen, is selectivity determining. In the example 

below (Scheme 8b) two diastereoisomers are formed depending on the coordination of the substrate 

on the Re face or the Si face (more details are given in Chapter 4 and 5). The Re face complex will 

afford the S enantiomer and the Si face complex the R enantiomer. In this example it has been 

proposed that the substrate orientation through supramolecular interactions is crucial, the Re face 

complex being stabilized by hydrogen bond. The development of a library of amines such as the one 

presented in the example (Scheme 8b) with different steric hindrance and/or with hydrogen bond 

acceptors of different strength would lead to the selection of one of the constituents affording the 

strongest discrimination between the Re face complex and the Si face complex. 
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Scheme 8. Possible applications of the dynamic P-N bond in transition metal catalysis. 

 

 Ideally in asymmetric catalysis the objective is to obtain the highest enantioselectivity 

possible. The design of the transition state analogue (TSA) where the selectivity is afforded as target 

is of great interest. The concept is fully described in the previous chapter. One possible application 

has been inspired by the work of Severin et al.16 and concerns the ruthenium-catalyzed asymmetric 

hydrogenation of ketones (Scheme 8c). During the catalytic cycle of that reaction, the selectivity is 

determined by the transition state formed by the approach of the prochiral ketone such as 

acetophenone to the dihydride intermediate. The Re and Si face approaches will lead to the formation 

of the S and R enantiomer, respectively. A stable complex is designed as TSA using a phosphonate to 

mimic the ketone and one hydride. One or several constituents among a set of (a)chiral amines or 

diamines in presence of the target in the thermodynamic conditions of exchange will be over 

expressed as forming the most stable TSA(s). In such a strategy, the steric hindrance is the factor that 

allows the selection between the different constituents of the library. Preliminary experiments carried 

out in our lab showed that the preparation of the transition state analogue as displayed in Scheme 8c 

is not straightforward at all. 
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7.5 Experimental section 
 

General Remarks. Unless stated otherwise, all reactions and experiments were carried out under 

Argon using standard Schlenk techniques. Diethyl ether and hexanes were distilled from sodium / 

benzophenone; dichloromethane was distilled from CaH2 and toluene was distilled from sodium. 

Chromatographic purifications were performed by flash chromatography on silica gel 60-200 �m, 60 

Å, purchased from Screening Devices. 1H, 13C and 31P NMR spectra were recorded on a Varian Inova 

spectrometer (1H: 500 MHz, 31P: 202.3 MHz, 13C: 125.7 MHz) and on a Varian Mercury (1H: 300 

MHz). Chemical shifts are referenced to the solvent signal (7.27 ppm in 1H and 77.0 ppm in 13C 

NMR for CDCl3). 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. 

 

Materials. Chemicals have been purchased from commercial suppliers and, if not stated otherwise, 

used without further purification. Triethylamine was distilled from CaH2. (S)-(+)-(3,5-Dioxa-4-

phospha-cyclohepta[2,1-a;3,4-a']dinaphthalen-4-yl)diethylamine 317 was prepared according to 

literature procedure. 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)-2-

isobutyl ethanoate 5 is reported in Chapter 2 (see Experimental section). 

 

2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)iso 

propylethanoate 6 is reported in Chapter 2 (see Experimental section). 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)benzyl 

ethanoate 7 is reported in Chapter 2 (see Experimental section). 

 

Diphenylphosphinodiethylamine 8 has been already published.18 Diethylamine was added dropwise 

to a solution of chlorodiphenylphosphine (1.0 mmol) in diethyl ether (15 mL) at room 

temperature. The reaction mixture was stirred for 3h. The salt formed was filtered and 

the solvent evaporated. A flash chromatography (hexanes/ethyl acetate : 8/2) afforded 

the pure product as an oil. Yield: 84%. 
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1H NMR (CDCl3, 300 MHz): � = 0.95 (t, 6H, CH3), 3.07 (m, 4H, CH2), 7.35 (m, 10H, CH=). 13C 

NMR (CDCl3, 75.4 MHz): � = 14.4, 44.3, 127.9, 128.1, 131.9. 31P NMR (CDCl3, 121.2 MHz) � = 

62.61. 

 

(S,S,SS)-[RuCl2(3)2(DPEN)] 13 : [RuCl2(C6H6)]2 (0.6 mmol) and (S)-3 (2.4 mmol, 4 eq.) were 

placed in a 50-ml Schlenk flask under argon. Anhydrous DMF (25 ml) was added to the Schlenk and 

the mixture was stirred under argon at 100°C for 1 h to form an orange solution. After the solution 

was cooled to room temperature, (S,S)-DPEN (255 mg, 2 eq.) was added and the mixture was stirred 

for overnight. The completion of the reaction is checked by 31P NMR. The DMF was removed in 

vacuo  and 3*8 mL of dry toluene were added to remove azeotropically the remaining DMF. The 

resulting dark brown solid was dried under the high vacuum to give the final product. Yield : 80%. 
1H NMR (CDCl3, 300 MHz): � = 1,05 (m, 12H, CH3), 3.07 (m, 8H, CH2), 3.31 (m, 2H, NH), 3.98 (m, 

2H, NH), 4.21 (2H, m, CH), 6.71-6.73 (4H, m, CH=), 6.93-6.95 (6H, m, CH=), 7.07-7.35 (10H, m, 

CH=), 7.40-7.47 (4H, m, CH=), 7.85-8.01 (8H, m, CH=), 8.30-8.32 (2H, m, CH=). 31P NMR (CDCl3, 

121.2 MHz) � = 171.3. HRMS: m/z: calcd for C62H60N4O4P2Ru :1159.0877; found [M+H]+ : 

1160.2517. 

 

General procedure for exchange of amines. 1H-tetrazole (2 eq. with respect to the phosphorus 

ligand, 0.10 mmol) in acetonitrile was added to a flame-dried Schlenk under argon. The solvent was 

evaporated. The phosphoramidite, aminophosphine or metal complex (1 eq., 0.05 mmol) was added 

to the Schlenk and placed under argon. 2 mL of dry toluene were added followed by the addition of 

the amine (2 eq. with respect to the phosphorus ligand, 0.10 mmol). The Schlenk was closed and the 

solution refluxed 3 h. The crude mixture was analyzed by 31P NMR. 

 

Crystallization procedure: The complex 15 was dissolved in a hot solution of acetonitrile until 

saturation in a vial placed in a flask under argon. The solution was let to cool down at room 

temperature. Within 2 weeks, colorless crystals appeared at the bottom of the vial that were found 

suitable for X-ray diffraction.  

X-ray: All reflection intensities were measured using a Nonius KappaCCD diffractometer (rotating 

anode) with graphite-monochromated Mo K� radiation (� = 0.71073 Å) under the program 

COLLECT.19 The program PEAKREF20 was used to refine the cell dimensions. Data reduction was 

done using the program EVALCCD.21 The structure was solved with the program DIRDIF9922 and 

was refined on F2 with SHELXL-97.6 Multi-scan semi-empirical absorption corrections based on 

symmetry-related measurements were applied (0.86�0.94 correction range) to the data with the 

program SADABS.23 The temperature of the data collection was controlled using the system OXFORD 

CRYOSTREAM 600 (manufactured by OXFORD CRYOSYSTEMS). 
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General experimental procedure for the asymmetric hydrogenation catalysed by (S,S,SS)-

[RuCl2(1)2(DPEN)] 13 or (S,S,SS)-15 : The hydrogenation experiments were carried out in a 

stainless steel autoclave (150 mL) charged with an insert suitable for 5 reaction vessels (including 

Teflon mini stirring bars) for conducting parallel reactions. In a typical experiment, the reaction 

vessels were charged with 1.25 �mol of (S,S,SS)-[RuCl2(1)2(DPEN)] 13 or (S,S,SS)-15. 0.25 mmol of 

acetophenone and 12.5 �mol  of t-BuOK in 2.5 mL of 2-propanol were added to the reaction vessels. 

Before starting the catalytic reactions, the charged autoclave was purged three times with 5 bar of 

dihydrogen and then pressurized at 10 bar H2. The reaction mixtures were stirred at 25°C (or 60°C) 

for the given time. After catalysis the pressure was released and the mixture was filtered through a 

pad of silica gel and the pad was washed with a 50% solution of ethyl acetate in hexanes. The 

conversion was determined by 1H NMR and the enantiomeric purity was determined by chiral GC 

(Chiralsil DEX-CB, isothermal 60°C for 5 min., 15°C/min. to 200°C, tR(R) = 10.51 min., tR(S) = 

10.64 min.) 
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