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Abstract:



A simple protocol is presented here for the use of inexpensive polymethylhydrosiloxane (PMHS), a waste product of the silicon industry, as stoichiometric reducing agent for phosphine oxides to phosphines, a highly desirable reaction to recover P-based ligands from their spent form. The reactions were studied by screening parameters, such as substrate to reductant ratio, temperature and reaction time, achieving good conversions and selectivities.
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1. Introduction


Nowadays chemical sustainability has to be thoroughly considered in the design and realization of new processes and in the upgrading of old technology to new solutions. Among the various aspects, recycling of spent reagents or by-products, cost-effectiveness and improved E-factor [1] can add up to a more efficient and sustainable approach to chemical production, which is highly desirable especially when scale up from lab to plant scale is envisaged.



Phosphorus is now considered as an endangered element, with dwindling feedstock resources, two thirds of which located in Northern Africa, setting the stage for political unpredictability. In order to reduce our dependency for this life-essential element, it is thus essential to envisage safe, cheap an efficient routes for phosphorus recovery and reuse [2].



Phosphines are ubiquitous compounds in the chemical armory. They are found in countless applications both in academia and in industry, and when used as ancillary ligands for transition metal catalysts, they can impart properties allowing for high activities and selectivities of homogeneous catalytic processes, which could not be achieved otherwise [3,4]. One of the major problems with tertiary phosphines is, however, their general sensitivity to oxidation from P(III) to P(V), i.e., phosphine oxides. Phosphine oxides are also generated in large quantities as by-products of industrial scale applications such as the Wittig reaction [5] or in water-phase catalysis [6]. Even though many chemical methods that reduce R3P=O to R3P are known in the literature [7], they usually need harsh reaction conditions, stoichiometric amounts of toxic or dangerous reagents and are often scarcely functional-group tolerant. Limited solubility of phosphine oxides and cumbersome separation of products from reagents are often discouraging for widespread applications.



The most commonly used reductants for P=O bonds include silanes, boranes and metal hydrides based on Al and Ca [7]. Among silanes, as early as 1964, Fritzsche, et al. [8,9,10] reported that phenylsilane, diphenylsilane, triphenylsilane and PMHS (polymethylhydrosiloxane, Scheme 1) could be used in excess stoichiometry to reduce alkyl, aryl phosphine oxides and dihydrophosphole oxides (Scheme 2). In this early study, a strong dependence of yields on the substitution on the aryl groups, hence to the electron density at the phosphorus atom, was observed. On the other hand, the nature of the silane did not significantly influence the yield, although the use of PMHS gave lower selectivity to the desired products in case of less robust substrates, due to the P–C bond cleavage. A study by Keglevich, et al. demonstrated the efficient use of PMHS for the reduction of a number of triphenylphosphine oxide derivatives, with reaction times ranging from 7 to 16 h [11]. An improved protocol was obtained using trichlorosilane (1 equiv. to substrate), reaching yields up to 98% for the reduction of triphenylphosphine oxide. The use of triethylamine as additive proved to be highly beneficial for the reduction of trialkylphosphine oxides. For instance, tri(n-butyl)phosphine oxide was reduced using HSiCl3/NEt3 (1:1) reaching 92% yield [12].



In order to minimize the amount of silanes needed to achieve good conversions, a number of research groups investigated the use of metal catalysts for P=O bond reduction with this reagent. Titanium(IV) was employed to reduce alkyl- and aryldiphenylphosphine oxides under mild conditions using (EtO)3SiH [13]. A major drawback in the use of PMHS instead of (EtO)3SiH was that one equivalent of Ti(IV) was necessary to achieve meaningful conversions (Scheme 3), and no reaction was observed in the absence of the catalyst.



Other metals were tested in combination with tetramethyldisiloxane (TMDS) as an alternative to PMHS, namely In(III) [14] and Cu(II) [15]. Whereas the former method suffered from limited scope due to poor functional group tolerance leading to unselective reactions, in the latter case amounts of Cu salts up to 10% were needed. Brønsted acid-catalysed reductions with PMHS were also demonstrated, however modest conversions were obtained compared to (EtO)3SiH [16]. Using more reactive silanes proved to be beneficial and excellent conversions and yields were obtained by the group of Werner using hexyl silane as the reducing agent and triflic acid as the catalyst [17].



In the context of sustainability, we reasoned that an improved protocol enabling the (metal-free) efficient use of PMHS, a waste product of the silicon industry that is cheap and widely available, could be of interest. We present here results on the reduction of a small library of industrially-relevant phosphine oxides using PHMS in modest stoichiometric excess, with good results for activity and selectivity, where we first benchmark our experimental set-up with the results of Keglevich, et al. [11] by studying the triphenylphosphine oxide reduction under related conditions, then study the kinetics of this deoxygenation reaction, and subsequently extend the scope to trialkylphosphine oxides. Examples of water-soluble phosphine oxides reduction with PHMS, a case often neglected in the literature, are also shown for the first time.




2. Results


In order to investigate the scope of PMHS reduction of phosphine oxides to phosphines, we thus chose as target substrates triphenylphosphine oxide (TPPO, 1), tri(tert-butyl)phosphine oxide (2), tricyclohexyl phosphine oxides (3), tri(n-octyl)phosphine oxide (TOPO, 4), 3-methyl-1-phenyl-2-phospholene-1-oxide (5), 3-methyl-1-phenylphospholane-1-oxide (6) as examples of aryl and alkyl, linear and cyclic phosphine oxides. 1,3,5-Triaza-7-phosphaadamantane phosphine oxide (PTA(O), 7) and the corresponding N-methyl analogue mPTA(O) (8) were chosen as examples of neutral and charged water soluble cage-like substrates (Scheme 4). PTA and mPTA oxidation at the P atom often occurs as side reaction for transition metal catalysed processes in water using PTA-based catalysts and are linked to catalyst deactivation [18,19], hence it would be of interest to find a selective recycling protocol for these expensive, tailor-made ligands.



The reduction reactions were carried out as described in the Materials and Methods Section and the results are summarized in Table 1. Substrate 1 was chosen as benchmark using 5 equiv. of PMHS at 250 °C for 0.5 h for initial testing that yielded Ph3P in 24% yield (Entry 1).



Table 1. Screening of different substrate/PMHS (polymethylhydrosiloxane) ratios, temperatures and reaction times 1.







	
Entry

	
Substrate

	
PMHS (equiv.)

	
T (°C)

	
t (h)

	
Yield (%) 2






	
1

	
1

	
5

	
250

	
0.5

	
24




	
2

	
1

	
5

	
250

	
1

	
45




	
3

	
1

	
5

	
250

	
1.5

	
86 (84)




	
4

	
1

	
15

	
250

	
1

	
90




	
5

	
1

	
5

	
200

	
24

	
90




	
6

	
1

	
5

	
220

	
24

	
100




	
7

	
2

	
5

	
220

	
1

	
100




	
8

	
3

	
5

	
250

	
6

	
0




	
9

	
3

	
10

	
200

	
3

	
7




	
10

	
3

	
10

	
200

	
6

	
<1 *




	
11

	
3

	
15

	
200

	
6

	
10




	
12

	
3

	
15

	
250

	
2

	
20




	
13

	
3

	
15

	
250

	
6

	
5




	
14

	
3

	
15

	
250

	
7

	
<1 *




	
15

	
4

	
10

	
200

	
3

	
4




	
16

	
4

	
10

	
200

	
6

	
33




	
17

	
4

	
10

	
250

	
3

	
12




	
18

	
4

	
10

	
250

	
6

	
53




	
19

	
4

	
15

	
200

	
3

	
30




	
20

	
4

	
15

	
200

	
7

	
87




	
21

	
4

	
15

	
250

	
3

	
13




	
22

	
4

	
15

	
250

	
7

	
82




	
23

	
5

	
5

	
250

	
1

	
100




	
24

	
6

	
5

	
250

	
1

	
100




	
25

	
6

	
5

	
220

	
1

	
100




	
26

	
7

	
5

	
220

	
1

	
83 (78)




	
27

	
8

	
10

	
250

	
1

	
<1 *




	
28

	
8

	
15

	
200

	
6

	
<1




	
29

	
8

	
15

	
200

	
20

	
<1 *








1 Conditions: 1.0 g of substrate and PMHS were heated in a Schlenk flask under N2. Equiv. of PMHS measured as the ratio of Si–H to P=O bonds; 2 Yields based on NMR relative integration (isolated yields in brackets); * Product decomposition occurred.








The effect of substrate to PMHS ratio was then studied. In the case of 1, increasing the amount of PMHS from 5 to 15 equiv. at 250 °C increased the conversion after 1 h significantly, from 45% to 90% (Entries 2 and 4), which under related conditions was also found by Fritzsche, et al. [8,9,10] and Keglevich, et al. [11].



A kinetic study was then performed on the reduction of 1 using 5 equiv. of PMHS at 250 °C, by sampling the reaction every 30 min (Entries 1–3). The kinetic profile shown in Figure 1 demonstrated that the reaction proceeds essentially with a zero-order in substrate. Subsequently, the effect of temperature was studied. As expected, a longer reaction time was needed to reach significant conversions when lowering the reaction temperature. Selective reduction of 1 occurred in presence of 5 equiv. of PMHS at both 200 and 220 °C after 24 h with conversions of 90% and 100%, respectively (Entries 5 and 6).


Figure 1. Kinetic profile of the reaction of 1 with PHMS (polymethylhydrosiloxane, 5 equiv.) at 250 °C.
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For trialkyl phosphine oxides, in the case of 2, complete conversion was achieved after 1 h using 5 equiv. of PMHS at 220 °C (Entry 7). Compound 3 proved to be more troublesome. The highest conversion (20%) was obtained running the reaction for 2 h at 250 °C using 15 equiv. of PMHS (Entry 12). Attempts to use lower amounts of reductant (Entries 9 and 10), lower temperatures (Entry 11) or longer reaction times (Entries 13 and 14) led invariably to lower yields of tricyclohexyl phosphine, likely due to poor product stability under the harsh reaction conditions causing decomposition.



Better results were obtained using 4, a long-chain (n-octyl) alkyl phosphine oxide often used as stabiliser for metal nanoparticle synthesis [20], or as extraction agent, especially for uranium [21]. After optimisation of the reaction conditions (Entries 15–22), the highest conversion (87%) was obtained with 15 equiv. PHMS at 220 °C after 7 h (Entry 20).



In the case of cyclic substrates, such as phospholene oxide 5 and phospholane oxide 6 that both are relevant in catalytic Wittig reactions [22,23], excellent results were obtained using only 5 equiv. of PHMS at either 220 or 250 °C using short (1 h) reaction times (Entries 23–25).



Finally, in the case of water-soluble phosphine oxides, good results were obtained for substrate 7 reaching 83% conversion under standard test conditions, representing the first affordable method for PTA(O) reduction to PTA (Entry 26). The charged N-methylated analogue 8, however, resulted either in decomposition or no reaction was observed (Entries 27–29).



Isolated yields were obtained for the reduction of 1 and 7 and were generally in good agreement with the NMR yields (see the Materials and Methods Section and Table 1). Filtration of the dichloromethane solutions over silica allowed the removal of most of the silicon-based byproducts and unreacted reagents, giving NMR pure samples of the corresponding phosphines after a simple workup.




3. Discussion


Several interesting observations were obtained from the results described above. Our protocol works with good efficiency in the reduction of triphenylphosphine oxide (1), and fine-tuning of the reaction conditions allowed for high yields in triphenylphosphine at 220 °C when the reaction is carried out for 24 h using only 5 equiv. of PMHS. This achievement was possible due to the stability of the product, allowing the use of relatively high temperatures without causing the formation of side products. This pre-requisite was confirmed for other phosphine oxides, such as tris(tert-butyl)phosphine (2), phospholene 5 and phospholane 6, where the weaker P=O bond are more easily reduced by PMHS, but also where the end product is easily recovered and not degraded under the rather harsh reaction conditions. To our delight, this was also the case for the reduction of the cage-like PTA(O), the product of the oxidation at the P atom of PTA, an increasingly studied water-soluble, small cone angle adamantyl phosphine [16,17].



Good results were also obtained with the long-chain, lipophilic tris(n-trioctyl)phosphine oxide (4), which could be reduced efficiently running the reactions for 7 h at 200 °C, albeit in the presence of higher amounts of PMHS (15 equiv.).



In the case of less temperature-stable substrates, such as tricyclohexylphosphine oxide (3), only moderate conversions could be achieved after 2 h at 250 °C. For this substrate, it was not possible to run the tests for longer periods as prolonged heating led to degradation of the product, forming a number of unidentified by-products. On the other hand, lowering the temperature to 200 °C did not afford any significant conversion, most likely due to competition between the kinetics of reduction and decomposition.



Finally, an example of water-soluble charged phosphine oxide, namely 8, was studied, however evidence was obtained that this substrate could not be reduced, as decomposition occurred in all cases. This was most likely due to the difficulty of melting the substrate in the reducing polymer, thus prohibiting the formation of interactions between the two reagents, followed by degradation of the unreacted substrate under prolonged heating at high temperatures.




4. Materials and Methods


4.1. Methods and Substrates


PMHS was purchased from commercial suppliers and used as received. Substrates 1–4 and 7 were obtained by oxidation of the corresponding commercially available phosphines according to known literature procedures [24], generally using H2O2 (35% in water) with some modifications and notes described as follows. Compound 6 was synthesized according to literature procedure starting from commercially available 5 [25].



4.1.1. Synthesis of 3


The synthesis of 3 was performed as reported [26], obtaining the oxide in 61% yield (96% pure based on 31P{1H} NMR spectroscopy, δP 52.3 ppm, CDCl3).




4.1.2. Synthesis of 8


As described in literature [27], oxidation of mPTA with H2O2 does not proceed to give the corresponding oxide. Compound 8 was synthesized by reacting PTA(O) with methyl iodide (8: 31P{1H} NMR, δP −1.5 ppm, D2O) [28].





4.2. Reduction Protocol


As a standard procedure, the substrate and PMHS were mixed without any additional solvent in a Schlenk tube under a protective nitrogen atmosphere and heated in a sand bath to the desired temperature. Generally, a gel-like material was obtained at the end of the reaction, which was extracted with dichloromethane. After simple filtration of the remaining polymeric material on either celite or silica, the solution was analyzed by 31P NMR spectroscopy, the chemical shift values were compared to pure isolated compounds and the yield determined by relative signal integration, using a long relaxation time for accurate integration.



Detailed Procedure for the Reduction of 1


The amount of 1.0 g of 1 (3.6 mmol, 1.0 equiv.) was added to a Schlenk flask and placed under a nitrogen atmosphere. Subsequently, 1.1 mL of PMHS (approx. 18 mmol of Si–H bonds, 5 equiv.) was added, and the mixture was heated at 250 °C. After completion of the reaction, the mixture was cooled down, dissolved in dichloromethane and filtered over a 2 cm silica gel pad. The clear solution was then dried under vacuum to afford PPh3 in 84% isolated yield. For the kinetic study, a sample was taken from the reaction mixture with a pipette every 30 min, dissolved in dichloromethane and the ratio of 1 to PPh3 was analyzed by 31P{1H} NMR.






5. Conclusions


The method for phosphine oxide reduction presented herein has several advantages. It uses a cheap and easily accessible reagent, namely PMHS, which is a by-product of the silicon industry. Moreover, the reaction proceeds without solvent, and only requires an extraction after completion as an easy and fast purification step. The results demonstrated that a number of industrially important phosphines can be obtained by reduction of their oxide counterparts with this protocol. Mandatory conditions for efficient reductions are the possibility to melt the phosphine oxides in PMHS without degradation, and a good stability of the corresponding phosphines at the necessary reaction temperature, usually in the range 200–250 °C.
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Scheme 1. General structure of PMHS (polymethylhydrosiloxane). 






Scheme 1. General structure of PMHS (polymethylhydrosiloxane).
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Scheme 2. Reduction of acyclic phosphine oxides and cyclic hydrophosphole oxides with hydrosilanes [8]. 






Scheme 2. Reduction of acyclic phosphine oxides and cyclic hydrophosphole oxides with hydrosilanes [8].
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Scheme 3. Ti-catalysed phosphine oxide reduction using (EtO)3SiH or PHMS [13]. 






Scheme 3. Ti-catalysed phosphine oxide reduction using (EtO)3SiH or PHMS [13].
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Scheme 4. Target substrates for P=O bond reduction using PMHS. 






Scheme 4. Target substrates for P=O bond reduction using PMHS.
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