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Chapter 7  
 
 

Summary, conclusions and future prospects 
 
 
 

With the rapid progress in the development and application of asymmetric catalysis 
in organic synthesis, design and synthesis of new enantiopure ligands become more 
and more important as they are the key elements to achieve highly enantioselective 
catalytic conversions. Bidentate ligands have proven to be quite efficient for various 
asymmetric catalytic reactions, especially in hydrogenation. However, they are often 
quite difficult to prepare and the overall yields are low. Comparing to those long and 
tedious synthetic procedures for bidentate ligands, rather simple and easily accessible 
monodentate ligands, which can be prepared in a few steps, will be more favorable. 
This will be of overriding importance if a library of ligands has to be made for use in 
high throughput screening of a desired transformation. 

Our project aimed to develop simple, stable and easily accessible monodentate 
ligands and investigate their behavior in asymmetric catalysis, in particular nitrile 
hydrolysis. Secondary phosphine oxides (SPO’s, phosphinous or phosphinic acids) fit 
the requirement of easy synthesis. 

Secondary phosphine oxides (SPO’s) so far were mainly used as intermediates in 
the synthesis of different phosphorus-containing compounds. The SPO’s possess an 
acidic proton, which might have an effect on the catalysis.  
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Their application as ligands in catalytic nitrile hydrolysis, hydroformylation and 

cross-coupling reaction has been reported (see chapter 2). However, enantiopure 
SPO’s have never been used as ligands in asymmetric catalysis when we started this 
work. Only recently, palladium- catalyzed asymmetric allylic substitution with 
enantiopure SPO as ligands was reported (see chapter 6). 
This thesis describes the design, synthesis and separation of a number of enantiopure 
SPO’s and their applications in asymmetric catalysis. 
 

Chapter 3 describes the synthesis and separation of various enantiopure SPO’s, they 
were easily prepared via a 2-steps procedure in reasonable yields. A modified 
literature procedure was used. The addition order is crucial for the synthesis. The 
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Grignard reagents were added to the solution of PhPCl2 or t-BuPCl2 at –20 oC 
followed by hydrolysis, otherwise hardly any product is formed. The ligands were 
separated into their enantiomers by preparative HPLC. The separation of t-BuPhPHO 
was extremely easy due to the retention time difference of 4.3 min. Other ligands 
could also be separated by preparative HPLC, although the separations were not 
always as good as for ligand t-BuPhPHO (Figure 7.1).  
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 R1 = Ph,  R2 = 2-naphthyl
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Figure 7.1 The structure of enantiopure SPO’s 
 

However, two racemic ligands could not be separated by the AD column. They could 
only be separated on an OD column. However, no preparative OD column was 
available (Figure 7.2). 
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Figure 7.2 Racemic ligands, which could not be separated  
by preparative chiral HPLC (AD column) 

 
Attempts to synthesize pyridine-containing SPO’s failed. Double addition to PhPCl2 
happened and this led to the formation of tertiary phosphines and phosphine oxides. 
Chapter 4 describes the platinum catalyzed hydrolysis of nitriles. The preparation of 2 
symmetrical SPO’s and their platinum complexes are discussed. The preformed 
catalysts induce higher reaction rates than the in situ formed catalysts in the 
hydrolysis of sterically hindered nitriles. With other nitriles, this difference is not as 
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pronounced. The Me2PHO platinum complex is far more active than its Ph2PHO 
analogue. PtCl2 or Pt(COD)Cl2 react with excess Me2PHO to give a complex, the 
structure of which was elucidated by X-ray analysis and found to be similar to that of 
the most active catalyst. 
The structures of the platinum complexes of racemic as well as enantiopure t-
BuPhPHO were studied by NMR. These ligands initially form a mixture of cis and 
trans complexes. After treatment with Et3N, a new dimeric platinum complex is 
formed exclusively. This process is irreversible. When using the racemic ligand, 2 
different diastereomeric complexes are formed, whereas with the enantiopure ligand a 
single complex is formed. 
Several nitriles such as simple nitriles, nitriles with acid or base sensitive groups, 
tertiary nitriles and dinitriles were smoothly converted to the corresponding amides in 
excellent yields (mostly 95%) using these platinum complexes under neutral 
conditions. The hydrolysis still works very well at room temperature, although a long 
time is needed for full conversion. In the reaction of di-nitriles, it was possible to 
control the hydrolysis selectively to some extent. With the use of D2O instead of H2O, 
deuterated amide (COND2) was found exclusively. No α-deuterated product was 
found which exclude racemization of the substrates or products (the racemization did 
not take place via α-D incorporation) and was a proof of OH attack on the carbon 
center of the nitrile. An attempted kinetic resolution with enantiopure ligands failed. 
The ligand was found to racemize during the reaction and this is the obvious cause of 
the failure.  
Chapter 5 describes the iridium-catalyzed asymmetric imine hydrogenation with 
various enantiopure SPO’s as ligands (Scheme 7.2). We anticipated that these ligands 
would lead to high reaction rates in this reaction. In the assumed rate-determining step 
of imine hydrogenation the n- coordinated imine has to shift to π− coordinated imine. 
This step may well be accelerated by hydrogen bond formation between the imine 
nitrogen and the acidic proton of the SPO. However, we found that when Ir/L is 1/1, 
the reaction is fast but the product is formed with low enantioselectivities. If the Ir/L 
ratio is changed to 1/2 the reaction is much slower, but the e.e.’s of the product are 
higher. The reaction was optimized with respect to several parameters such as solvent, 
hydrogen pressure, metal precursor, metal/ligand ratio, additive, substrate structure 
and ligand structure. High-throughput experimentation (HTE) equipment was used to 
speed up the screening process. The use of neutral [Ir(COD)Cl]2 gave better results 
than cationic metal precursors. t-BuPhPHO has proven to be the best ligand so far. 
For acetophenone-based imines in toluene, with an Ir/L of 1/2, 69% e.e. was reached 
under optimized conditions. Pyridine has a dramatic effect on our system. With 2 
equivalents of pyridine as additive, 78% e.e. was reached. It seems that pyridine acts 
not only as a base but rather as a ligand for the catalyst. Lowering the temperature to 0 
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oC leads to an increase of the e.e. to 83% with a dramatic drop in reaction rate. 
Increasing the temperature to 40 oC leads to an increase in reaction rate accompanied 
by a slight decrease in enantioselectivity. This hydrogenation even works smoothly 
with good enantioselectivity at a H2 pressure as low as 1 bar, however, a very long 
reaction time was needed. Neither variation of the substrate structure, in particular the 
substituent on N, nor variation in the ligand structure led to any further improvements, 
neither in rate nor in enantioselectivity. (Figure 7.1, Scheme 7.2). 
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Scheme 7.2 Iridium- catalyzed imine hydrogenation with SPO’s 
 

Chapter 6 reports the asymmetric hydrogenation reaction of other substrates with 
SPO’s as ligands. Substrates such as α- and β-dehydroamino esters (acids), N-acetyl 
enamides, itaconic acid (ester) and enol carbamate were tested. Low to moderate 
enantioselectivities were obtained in most cases. Promising results were obtained in 
the asymmetric hydrogenation of the tetra-substituted N-acetyl enamides (6-ring, 85% 
e.e.) and the enol carbamate of acetophenone (81% e.e.). To the best of our 
knowledge this is the best result ever obtained with this substrate. The e.e. of the 
carbamoylated alcohol increases with decreased hydrogen pressure. With the 
hydrogen pressure as low as 1 bar (H2 balloon), the best result (81% e.e.) is obtained. 
The variation of ligands did not result in an improvement of the enantioselectivity. 
The hydrogenation of enol carbamate provides a new route for the preparation of 
chiral alcohols (Scheme 7.3). 
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Scheme 7.3 Hydrogenation of tetra-substituted N-acetyl enamides and enol carbamate 
 

Other catalytic reactions such as palladium- catalyzed asymmetric allylic substitution, 
platinum- catalyzed hydroformylation of styrene and copper- catalyzed epoxide ring- 
opening of cyclohexane oxide were tested. However, only the asymmetric allylic 
substitution works with a moderate e.e. (46%) with the use of [Pd(allyl)Cl]2 and t-
BuPhPHO. The other attempted reactions showed no conversions. 
In conclusion, enantiopure SPO’s are easily prepared in two steps and can be made 
enantiopure by preparative HPLC or by resolution. For this reason they are ideal 
ligands for a library approach. They are effective ligands in iridium- catalyzed 
asymmetric imine hydrogenation and rhodium- catalyzed asymmetric hydrogenation 
of α- and β-dehydro- amino esters (acids), N-acetyl enamides, itaconic acid (ester) and 
enol carbamate. However, there is still a lot of space for improvement, particularly 
with regard to the reaction rate, which is too low for industrial use. In addition, the 
enantioselectivity needs to be improved further. 
The preformed or in situ formed platinum/SPO complexes are highly efficient 
catalysts for the hydrolysis of nitriles to amides in excellent yields under neutral 
conditions. Particularly for sterically hindered nitriles and nitriles with acid or base 
sensitive groups we believe this is the method of choice. Unfortunately, kinetic 
resolution of racemic nitriles was not possible using enantiopure SPO/platinum 
complexes due to racemization of the ligand under the reaction conditions. 
It is to be expected that more applications of these ligands in asymmetric catalysis 
will be found in the near future. With suitable substrates, asymmetric C-C, C-N, C-S 
coupling reactions might be possible with enantiopure SPO’s as ligands. More studies 
are needed for their metal complexes, especially new synthetic routes for the 
preparation of platinum / enantiopure (unsymmetrical) SPO complexes. There are also 
many possibilities in the structural variation of these ligands. With newly designed 
enantiopure SPO’s, asymmetric nitrile hydrolysis or kinetic resolution might be 
possible. Mechanistic research will be necessary to uncover the reason for the low 
reaction rates in asymmetric hydrogenation. The mechanism of platinum/SPO 
catalyzed hydrolysis of nitriles need more systematically study. 
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