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1. Introduction 

The deoxygenation of tertiary phosphine oxides is an important reaction, as it provides 

useful intermediates and reagents. Tertiary phosphines are widely used as ligands in transition 

metal complexes and as starting materials and reagents in syntheses.1 The transition metal (most 

frequently Pd, Pt or Rh) complexes may be applied in homogeneous catalytic hydrogenations, 

hydroformylations, hydrosilylations or palladium-catalyzed coupling reactions. Tertiary 

phosphines may be the starting materials for quaternary phosphonium salts used as surfactants, 

ionic liquids or phase transfer catalysts. Representative examples for the application of tertiary 

phosphines as reagents in various organic reactions include the Wittig reaction (formation of 

C=C bonds), the Mitsunobu reaction (formation of C–O or C–N bonds), and Appel-type 

reactions (formation of C–halogene bonds). Unfortunately, the mentioned reactions are of poor 

atom economy, leading to substantial amounts of phosphine oxide waste. The phosphine oxides 

formed are undesirable by-products, and should be regenerated and recycled. The simplest 

method to regenerate phosphines from phosphine oxides is reduction. The deoxygenation of 

tertiary phosphine oxides is also applied in the final step of the preparation of phosphines, if 

P(O)Cl3 is the starting material. 

I started my PhD work under the supervision of Prof. György Keglevich at the Budapest 

University of Technology and Economics, Department of Organic Chemistry and Technology. 

During my research work, the goal was to study the deoxygenation of various tertiary phosphine 

oxides with silane reducing agents. Our aim was to develop a reduction method that would allow 

the synthesis of tertiary phosphines more economically and efficiently, to face the above 

mentioned challenges. My research topic is grouped around two main sub-topics. The first topic is 

the environmentally friendly deoxygenation of acyclic, simple and bridged heterocyclic phosphine 

oxides. We also investigated the fragmentation reactions of some suitable bridged P-heterocyclic 

phosphine oxide derivatives. Both sub-themes were motivated by green chemical principles. 

These days, the use of microwave (MW) technique in organic syntheses spread and became 

rather general. The most common benefits of MW irradiation are the shortening of reaction times 

and the increase in efficiency. The MW technique enables us to omit harmful reagents by 

implementing solvent- and catalyst-free methods.2 Considering the advantages of MW 

technology, we planned to investigate the application of the MW technique in the course of the 

reductions and fragmentations. 

                                                 
1 Hérault, D.; Nguyen, D. H.; Nuel, D.; Buono, G. Chem. Soc. Rev. 2015, 44, 2508. 
2 Keglevich, G. Magy. Kém. Folyóirat 2008, 114, 81. 
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2. Literature 

The most general method for the deoxygenation of phosphine oxides to phosphines 

involves the application of silanes. A wide spectrum of silanes has been described as P=O 

deoxygenating agents. These days, it is a real challenge to accomplish the deoxygenation of 

phosphine oxides by cheap and user-friendly silanes, elaborating green chemical protocols. 

Within silanes, trichlorosilane is the most widely used reagent, but it is volatile (bp: 32 °C) and 

corrosive, implying a significant disadvantage. Phenylsilane (PhSiH3) may be a good choice as 

the reagent for the deoxygenation; however, it is rather expensive. 

The group of user-friendly silanes include 1,1,3,3-tetramethyldisiloxane (TMDS) and 

polymethylhydrosiloxane (PMHS). These derivatives were used satisfactorily to give phosphines, 

although they are not as reactive as, e.g. PhSiH3 or Cl3SiH. Hydrosiloxanes with Si–O–Si 

moieties are more stable and the ultimate waste is silica. To promote their reactivity, the 

deoxygenations by TMDS and PMHS were performed with copper-, titanium- and indium-

catalysis, or with a phosphoric acid diester as the catalyst. However, the justification of the 

catalyst is sometimes questionable. 

Deoxygenation methods in the literature are generally not considered to be simple, 

inexpensive, effective, environmentally friendly reactions. Therefore, we have tried to develop an 

easy-to-implement and environmentally-friendly synthesis for deoxygenation of phosphine 

oxides. 

In the literature, the MW heating has proved its efficiency in several different syntheses. 

However, this technique has not been used previously in similar deoxygenation processes. 

 

3. Experimental methods 

The MW-assisted reactions were carried out in a CEM Discover [300 W] microwave reactor 

equipped with a pressure controller.  

The crude reaction mixtures were analyzed by 31P NMR spectroscopy. Purification of the 

products was carried out by flash column chromatography using silica gel. The compounds were 

identified by spectroscopic methods (31P, 13C and 1H NMR, HRMS). 

Quantum chemical investigations were carried out using the Gaussian09 program package 

(G09) by B3LYP/6-31G(d,p) methods. 
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4. New scientific results 

4.1. Deoxygenation of five-membered cyclic phosphine oxides by phenylsilane 

A simple method was developed for the deoxygenation of 1-phenyl (1a,f) and 1-alkyl-3-

phospholene oxides (1b-e), 1-phenyl-2-phospholene oxides (1g,h) and the 1-phenyl phospholane 

oxide (1i) by silanes (phenylsilane (5), 1,1,3,3-tetramethyldisiloxane (TMDS) (6), and 

polymethyl-hydrosiloxane (PMHS) (7)). The reactions were carried out in an aromatic solvent or 

without any solvents, on conventional heating or on MW irradiation. The cyclic phosphines (2) 

were rather sensitive to air oxidation. For this, they were stabilized in situ with sulfur or dimethyl 

sulfide borane to give the corresponding phosphine sulfides (3) or boranes (4). 

 
1 

  
2 

 
 

3 

 

 

 
4 

 
 

It was found that phenylsilane (PhSiH3) (5) is the most effective reducing agent among the 

compounds studied, so it may be suitable for replacing the previously used trichlorosilane. Under 

conventional heating, the deoxygenation of the model compound (1a) was accomplished with 

phenylsilane in toluene at 80 °C for 3 h and without solvent for 1 h. Using MW heating, the 

reaction took place even faster (40 min), so an effective solvent-free process was developed for 

the deoxygenation of five-membered heterocyclic phosphine oxides by phenylsilane [1-4]. 
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4.2. Deoxygenation of five-membered cyclic phosphine oxides by siloxanes 

Although the expensive phenylsilane (5) was proved to be the most effective for the 

deoxygenation of five-membered heterocyclic phosphine oxides, it was necessary to develop 

cheaper alternative solutions. Therefore, the deoxygenation of model compounds (1a-i) was 

performed by cheaper TMDS (6) and PMHS (7) reducing agents by conventional and MW 

heating. 

 
 

 
PhSiH3 TMDS PMHS 

5 6 7 

 

It was found that the expensive phenylsilane (5) could be replaced successfully by the 

cheap silicon industrial by-products TMDS (6) and PMHS (7), although somewhat higher tem-

peratures, and longer reaction times were needed (Figure 1). According to these results, there was 

no need for any catalyst under MW conditions that was applied previously on normal heating [1-

4]. 

 

Figure 1: Deoxygenation of phosphine oxides (1a,f-h) with silanes under different conditions 
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4.3. Deoxygenation of acyclic phosphine oxides by silanes 

The solvent-free conventional and MW-assisted deoxygenation procedure was extended to 

acyclic phosphine oxides: Ar3PO (8e-g), Ar2RPO (8h) and ArR2PO (8a-d).  

   

8  9 

 

 
 

It was found that these compounds require more forcing conditions than the five-membered 

cyclic phosphine oxides (Figure 2). It seems that the deoxygenation of the sterically less hindered 

phosphine oxides is much easier. The reactivity obviously depends on steric hindrance. Among 

the investigated derivatives, triarylphosphine oxides have the least reactivity. The easier 

deoxygenation of cyclic derivatives (phospholene oxides) is related to ring strain [2, 4]. 

    
  

1a 1b-e 8a-d 8h 8e-g  

Figure 2: The order of reactivity of phosphine oxides 
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4.4. Comparison of the reactivity of silanes 

We explored the reactivity of different silanes (ArSiH3, RSiH3, Ar2SiH2, R2SiH2, Ar3SiH, 

>SiH-HSi<) among which were known (commercially available) (5-7) and novel compounds 

(10-18) (Figure 3). The novel silanes (10-18) were synthesized and made available by 

researchers at the University of Graz under collaboration. 

 
 

 
  

  

5 6 7 10 11 12 13 
 

     

14 15 16 17 18 

Figure 3: Silane deoxygenating agents  

Regarding the reactivity of silane reducing agents, it was found that in this case, the steric 

factors are decisive (Figure 4). The more H atoms are attached to the Si atom, the more reactive 

the silane is. Among these compounds PhSiH3 (5), NaphSiH3 (10) and BnSiH3 (11) have the 

highest reactivity. This group of reactive silanes bearing three hydrogen atoms is followed by 

those representatives with two or one hydrogen atoms per silicon moiety. The least reactive 

silane in our series is Naph3SiH (18). Its low reactivity is obviously the consequence of steric 

hindrance [3, 4]. 

 

        
5 10 11 12 7 6 17  

 

     
14 16 13 15 18 

Figure 4: The order of reactivity of silanes 
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4.5. Synthesis of the 7-phosphanorbornene derivatives and their studying by quantum 

chemical calculations  

In the literature the 7-phosphanorbornene derivatives containing alkyl substituents on the 

phosphorus atom are less known. Therefore, new 7-phosphanorbornene derivatives (21-23) 

containing alkyl substituents on the phosphorus atom were prepared from P-alkyl phospholene 

oxides (1) in two steps with Diels–Alder cycloaddition. 

 
1 

  
19 

  
20 

 

 

  
21 22 

 

 

 
23 

    

 

The energetics and mechanism of regio- and stereospecific Diels–Alder cycloadditions of 

1-methyl- and 1-phenyl-1H-phosphole oxides (24) were mapped on the basis of quantum chemi-

cal calculations. Energy contents of the transition states (TSs) leading to the possible isomers and 

the relative energies of the possible products were calculated by the B3LYP/6-31G(d,p) method 

by using Gaussian 09 program. It was found that indeed isomer C formed selectively and isolated 

from preparative experiments is the most stable species (Figure 5).  
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Figure 5: Possible outcomes for the dimerization of 1H-phosphole oxides (24)  

High-level calculations supported the asynchronity of the Diels–Alder cycloaddition. In the 

transition state of dimerization of 1-methyl-1H-phosphole oxide (24a) the two bonds are not 

simultaneously formed, but are shifted slightly in time (Figure 6). The experimental results were 

consistent with the results of the calculations [5]. 

 

 

Figure 6: The 3D potential energy surface as a function of the forming bond distances C5-C3' and C2-C2' for the 

dimerization of 1-methyl-1H-phosphole oxide (24a) calculated at the HF/3-21G level of theory.
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4.6. Study of reduction of 7-phosphanorbornene derivatives 

The deoxygenation of P-phenyl phosphole oxide dimer (25) did not give a uniform product 

by silanes [PhSiH3 (5), PMHS (7), (4-MePh)2SiH2 (12)] due to fragmentation side reactions that 

we could not reduce at a lower temperature. Using NaphSiH3 (10) reducing agent, the desired 

double deoxygenated derivative (27) was synthesized with good selectivity. 

 

 
25 

 

 

+ 

 
26  27 

 

+ 

 
28  29 

 

We developed a simple method for the deoxygenation of 7-phosphanorbornene derivatives 

using dimethylsulfide-borane in concentrated CH2Cl2 solution under mild conditions, and the 

optimized protocol could be extended to the conversion of a series of P-alkyl analogues [6]. 

It can be concluded that due to the lower reactivity of the P-alkyl phosphole oxide dimers 

(23a-d) as compared to the P–Ph analogue (25), their monoboration can be performed in a more 

selective manner even under solvent-free conditions. The reactivity is decreased with the 

increasing size and branch of the alkyl substituent. 
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4.7. Synthesis and fragmentation of 2,3-oxaphosphabicyclo[2.2.2]octene 3-oxides  

New P-alkyl 2,3-oxaphosphabicyclo[2.2.2]octene 3-oxides (32) were synthesized by the 

Bayer–Villiger oxidation of the corresponding 7-phosphanorbornene 7-oxides (21), and the 

stability of the regioisomers was evaluated.  

 

 

Utilizing the different stability of the two regioisomers (A and B), the thermal 

fragmentation of the isomers (first the less stable (B) and the more stable (A) isomer) was 

performed selectively in two steps. The precursors were well-utilized in fragmentation-related 

phosphonylations to afford, eventually, alkylphosphonic acid-esters (33). Microwave irradiation 

was a novel way to bring about the ejection of the bridging P–moiety as a reactive 

alkylmethaphosphonate [7]. 
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5. Theses 

1. A simple method was developed for the deoxygenation of 1-phenyl and 1-alkyl-3-

phospholene oxides, 1- phenyl-2-phospholene oxides and the 1-phenyl phospholane oxide by 

phenylsilane under solvent-free and MW-assisted conditions [1-4]. 

2. The expensive phenylsilane was successfully replaced by the cheap and silicon industrial by-

products 1,1,3,3-tetramethyldisiloxane (TMDS) and polymethylhydrosiloxane (PMHS), 

although somewhat higher temperatures, and longer reaction times were necessary. 

Moreover, there was no need for any catalyst under MW conditions that was applied 

previously on normal heating [1-4]. 

3. The deoxygenation procedure was extended to acyclic phosphine oxides (Ar3PO, Ar2RPO 

and ArR2PO). It was found that these compounds require more forcing conditions than the 

five-membered cyclic phosphine oxides, and the deoxygenation of the sterically less 

hindered phosphine oxides is much easier. The reactivity obviously depends on steric 

hindrance [2, 4]. 

4. The reactivity of different silanes (ArSiH3, RSiH3, Ar2SiH2, R2SiH2, Ar3SiH, >SiH-HSi<) 

applied first by us was explored, and it was found that in this case, the steric factors are 

decisive. The more H atoms are attached to the Si atom, the more reactive the silane is [3, 4].  

5. New 7-phosphanorbornene derivatives containing alkyl substituents on the phosphorus atom 

were prepared. The energetics and mechanism of regio- and stereospecific Diels–Alder 

cycloadditions were mapped on the basis of quantum chemical calculations. High-level 

calculations supported the asynchronity of the Diels–Alder cycloaddition. The experimental 

results were consistent with the results of the calculations [5]. 

6. A simple method for the deoxygenation of 7-phosphanorbornene derivatives using 

dimethylsulfide-borane was developed, due to the side reactions under deoxygenation by the 

silanes [6]. 
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7. New P-alkyl 2,3-oxaphosphabicyclo[2.2.2]octene 3-oxides were synthesized by the Bayer–

Villiger oxidation of the corresponding 7-phosphanorbornene 7-oxides, and the stability of 

the regioisomers was evaluated. The precursors could be utilized well in fragmentation-

related phosphonylations to afford, eventually, alkylphosphonic acid-esters. Microwave 

irradiation was a novel way to bring about the ejection of the bridging P–moiety as a reactive 

alkylmethaphosphonate [7]. 

 

6. Application possibilities 

The environmentally friendly method developed for the deoxygenation of a specific family 

of compounds is of a more general value and thus other phosphine oxides can be deoxigenated 

under similar conditions. Using the efficient deoxygenation method (which was carried out with 

phenylsilane under MW and solvent-free conditions) developed by us, our group successfully 

implemented the deoxygenation of bis(phosphonomethyl)amines to obtain valuable ligands.3 

TMDS and PMHS turned out to be generally usable deoxygenation agents under MW and 

solvent-free conditions offering a greener chemical method. 

The results of the deoxygenation of phosphine oxides and fragmentation of the bridged 

phosphine oxides contribute to the expansion of MW technology. 

The resulting simple and bridged phosphines may be useful as P-ligands in transition metal 

complexes and as reagents in various organic reactions, such as the Wittig reaction. 

                                                 
3 Bálint, E.; Tripolszky, A.; Jablonkai, E.; Karaghiosoff, K.; Czugler, M.; Mucsi, Z.; Kollár, L.; Pongrácz, P.; 

Keglevich, G. J. Org. Chem. 2016, 81, 111-121. 
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