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Abstract: We report herein an unprecedented combination of light 

and P(III)/P(V) redox cycling for the efficient deoxygenation of 

aromatic amine N-oxides. Moreover, we discovered that a large 

variety of aliphatic amine N-oxides can easily be deoxygenated by 

using only phenylsilane. These practically simple approaches 

proceed well under metal–free conditions, tolerate many 

functionalities and are highly chemoselective. Combined 

experimental and computational studies enabled a deep 

understanding of factors controlling the reactivity of both aromatic 

and aliphatic amine N-oxides. 

Introduction 

Trivalent organophosphorus compounds such as phosphines 

find widespread use throughout numerous fields of synthetic 

chemistry. Indeed, apart from their use as ligands in transition 

metal catalysis or as organocatalysts, phosphanes have been 

widely employed as stoichiometric reagents in various synthetic 

transformations such as Wittig, Appel, Staudinger or Mitsunobu 

reactions, to name a few.[1] The driving force for all these 

transformations is the formation of high molecular weight 

phosphine oxide as a byproduct, which poses separation and 

waste disposal problems. Thus, the development of catalytic 

variants of these reactions in organophosphorus reagent and 

utilizing alternative feedstocks is highly important.[2]  In this 

context, the use of silanes as reducing agents of phosphine 

oxides has appeared as an efficient solution enabling the 

development of numerous interesting phosphane–catalyzed 

processes.[3] Remarkably, in these polar reactions, the silane 

reacts selectively with phosphine oxide and not with other 

reagents present in the media.[4] While the P(III)↔P(V) redox 

cycling approach has been frequently used in polar organic 

reactions, it has, to the best of our knowledge, never been 

applied to photoinduced processes, where phosphanes are used 

in stoichiometric amounts.[5] This could be explained by the 

ability of radicals, generated under photoinduced conditions, to 

react with silanes through hydrogen atom transfer of Si–H bonds, 

thus preventing the reduction of phosphine oxide to recover the 

phosphine. 

Scheme 1. Deoxygenation of Amine N–oxides. 

However, as  many  photochemical  processes  are  known  to 

involve    electronically    neutral    transient    intermediates,    

we reasoned that P(III)↔P(V) redox cycling might be applicable 

for those    reactions.    In    this    context,    the    

deoxygenation    of heteroaromatic N–oxides has captured our 

attention because of: i) its great importance in various 

areas[6]ranging from synthesis to catalysis[7]and biology[8], ii) the 

non–catalyzed version requires a large amount of phosphane 

and proceeds at high temperature;[9] iii) previous physical 
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organic studies postulated the formation of oxaziridine  

intermediate  upon  excitation  of  heteroaromatic N–oxides with 

light.[10] This highly reactive intermediate should react fast with 

phosphane to give the heteroaromatic compound along with  

phosphine  oxide.  Based  on  this  and  on  the  fact  that 

phosphanes  are  more  nucleophilic  than  silanes,[11]we  

assumed silane would reduce the in situgenerated phosphine 

oxide rather than reacting with the oxaziridine. Extension of this 

approach to aliphatic amine N-oxide will also be investigated 

(Scheme 1). 

Results and Discussion 

To test this hypothesis, we investigated the deoxygenation of 4–
cyanopyridine N–oxide 1a in the presence of a catalytic amount 
of phosphine oxide 2, phenylsilane as a reducing agent, in 
different solvents and under blue light irradiation.  

Table 1. Optimization of the reaction conditions.
[a]

 

 

Entry Organocatalyst 

(X mol %) 

Solvent Yield [%]
[b]

 

1 2a (20) CH3CN 0 

2 2b (20) CH3CN 99 

3 2c (20) CH3CN 99 

4 2b (20) CH2Cl2 8 

5 2b (20) Toluene traces 

6 2b (20) DMF 2 

7 2b (10) CH3CN 99 

8 2b (5) CH3CN 93 

9 2b (2.5) CH3CN 83 

10 – CH3CN 0 

11 2b (10) CH3CN 0
[c]

 

12 2b (10) CH3CN traces
[d]

 

13 2b (10) CH3CN 99
[e]

 

[a]
 Reaction conditions: 1a (0.5 mmol, 1 equiv.), phenylsilane (0.65 mmol, 1.3 

equiv.), organocatalyst (X mol %), solvent (5 mL), 16h. 
[b]

 NMR yields are 
determined via 1H NMR spectroscopy vs internal standard. 

[c]
 In the absence 

of phenylsilane. 
[d]

 In the absence of light. 
[e]

 The Schlenk-flask was irradiated 
through a cut off filter ([NaNO2] = 0.72 M in aqueous solution, transparent for 
light > 385 nm). 

 

As depicted in Table 1, while triphenylphosphine oxide (2a, 20 

mol%) failed to catalyze the reaction (entry 1) in acetonitrile, 

phosphine oxides 2b and 2c gave the desired product in 

excellent yields (entries 2-3, 99%). This might be attributed to 

the ability of cyclic phosphine oxides to be easily reduced by 

silanes compared to the acyclic ones.  

It should be mentioned that a seminal study by Scaiano et al. 

showed the efficiency of triethylphosphite to deoxygenate 

pyridine N-oxide in acetonitrile under UV irradiation (max = 325 

nm).[6a]  

When the same phosphite was used under our conditions (max 

= 420 nm), no reaction was observed (see supporting 

information). 

Based on these first results, the commercially available 3-

methyl-1-phenyl-phospholane oxide 2b was used for 

optimization. In this context, a solvent screening including 

dichloromethane, toluene and DMF (entries 4–6) showed a very 

low conversion compared to acetonitrile (entry 2). While lowering 

the catalyst loading to 10 mol % (entry 7, 99%) did not affect the 

performance of the reaction, reducing it to 5 and 2.5 mol% 

diminished the yield of the reaction (93% and 83%, respectively, 

entries 8-9). Interestingly, the organocatalyst (2b, entry 10), 

phenylsilane (entry 11) and light (entry 12) were found to be 

essential for the deoxygenation reaction as no conversion was 

observed in their absence. Finally, to exclude the involvement of 

UV light, we irradiated the sample through a UV filter (75% w/v 

NaNO2 solution, cut-off: λ =385 nm) and a nearly full conversion 

has been attained (entry 13, 99%). With the optimized conditions 

in hand, we next investigated the scope of the photoreaction. 
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Figure 1. Scope of the photochemical deoxygenation of heteroaromatic N–

oxides. Reaction conditions: 1 (0.5 mmol, 1 equiv.), phenylsilane (0.65 mmol, 

1.3 equiv.), 2b (10 mol %), acetonitrile (5 mL), Blue LEDs (5 W), 16h. 

 

As shown in Figure 1, the reaction proceeds well with pyridine 

N–oxides para-substituted with either electron–withdrawing (3a–

d) or electron–rich (3e–h) groups in good to excellent yields. 

Pyridine N–oxides bearing substituents at the meta (3i–k) or 

ortho (3l,m) positions can be smoothly deoxygenated under the 

optimized conditions. Notably, different functional groups (CF3 

(3c, 93%), CO2Et (3d; 82%), CH2OH (3h; 57%), CN (3j; 94%) 

and chloride (3l; 71%)) on the aromatic rings were well-tolerated.  

Similarly, a large variety of quinoline oxides, bearing different 

electronic substituents on the aromatic and/or heteroaromatic 

rings (3m–3v), performed well under the optimized reaction 

conditions, affording the corresponding reduced heterocycles in 

good to excellent yields (69–94%). 5,6,7,8-tetrahydroquinoline–

N–oxide can also be deoxygenated to the corresponding 

quinoline 3za in fair 54% yield.  

More importantly, when starting with a bis–N–oxide, bearing 

both a quinoline and a pyridine N-oxides, only the former is 

deoxygenated under our photochemical conditions and the 

pyridine N–oxide (3zb) was deoxygenated using 1.3 equiv of 

silane affording 3zb in 64% yield. It should be noted that a 

similar chemoselective approach has recently been reported by 

Kim and Lee, where [Ru(bpy)3]-Cl2
●6H2O was used as a 

photocatalyst in the presence of excess of hydrazine hydrate, 

which serves as reductive quencher and hydrogen source.[6g] 

To evaluate the general applicability of this photoorganocatalytic 

approach, we investigated the deoxygenation of dialkylarylamine 

N-oxide (Figure 2).  

When optimizing the deoxygenation of N,N-dimethyl aniline N–

oxide, we were surprised to find that the reaction takes place 

smoothly in the absence of both light and organocatalyst (2b). 

By combining various aniline N–oxides and phenylsilane (1.3 

equiv.) in acetonitrile the corresponding anilines (5a–5g) can be 

obtained within 10 min in very good yields (82–92%). Similarly, 

the deoxygenation of a series of N-benzylpyrrolidine N-oxides, 

bearing electron -donating and -withdrawing substituents on the 

aromatic rings, works smoothly, delivering the amines (5h–5l) in 

yields ranging from 59 to 87%. The deoxygenation of 

Rhodamine B N–oxide can easily be performed under the 

optimized conditions to yield the fluorescent dye 5m in good 

yield (83%). 

Figure 2. Scope of the photochemical deoxygenation of aliphatic amine N–

oxides. Reaction conditions: 4 (0.5 mmol, 1 equiv.), phenylsilane (0.65 mmol, 

1.3 equiv.), acetonitrile (5 mL). 
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Mechanistic Investigations 

In order to gain insights into the reaction mechanism of the 

photo-deoxygenation of amine N–oxides (Figure 1), 

complementary experimental and computational studies were 

performed.  

We first focused our attention on the reaction mechanism of 

deoxygenation of N-heterocyclic N-oxides. 

In order to confirm the generation of 3-methyl-1-phenyl-

phospholane (7) during the reaction, we reacted 3-methyl-1-

phenyl-phospholane oxide (2b) with phenylsilane under blue 

light irradiation. As shown in Figure S1, almost 50% of the 

phosphane was detected by 31P NMR spectroscopy after 16 h of 

irradiation. Importantly, 30% and 70% of 7 were obtained when 

the same reaction was carried out in the dark at room 

temperature and at 70 °C, respectively. These results indicate 

that the reduction of 2b by phenylsilane is presumably a 

thermally driven process. Noteworthy mentioning, the reaction of 

3-methyl-1-phenyl-phospholane (7, 1 equiv.) with 4–

cyanopyridine N–oxide (1a, 1.2 equiv.) under blue irradiation 

gives rise to 4-cyanopyridine (3a) in 92% yield, which revealed 

the intermediacy of phospholane (6) in the catalytic reaction.  

We next turned our attention to ascertain the nature of the 

photoactive species involved in photodeoxygenation of 4–

cyanopyridine N–oxide (1a). To this end, we performed UV−vis 

spectroscopic measurements on various combinations of 1a, 7 

and phenylsilane in dichloromethane for each species (Figures 

S2–S4, supporting information). Besides the pyridine N-oxide 1a 

that absorbs slightly in the visible region, all of the other 

components are silent in this region (> 390 nm). Furthermore, 

addition of 7 did not induce any bathochromic shift to the 

spectrum of 1a, ruling out the formation of an electron donor-

acceptor complex (EDA).[14] 

These findings are consistent with simulated UV–visible spectra 

reported in the supporting information (Figure S5). On this basis, 

we assume a photo-activation of the pyridine N-oxide (1a) 

leading to the formation of the (1a)* species. In aprotic solvents, 

two scenarios can next be envisaged (Scheme 2): i) a 

photoisomerization leading to the formation of an unstable fused 

oxaziridine 6a, which can further react with 7 to yield the pyridine 

3a, or ii) a single electron transfer from the phosphane (7) to 

(1a)* to generate the phosphoniumyl radical (7)●+ along with the 

reduced pyridine N–oxide species (1a)●– (Scheme 2, grey 

arrows

). 

 

 

 

 

 

 

 

 

 

 

 

 

Schem
e 2. 
Working 
mechan

istic 

hypotheses for the deoxygenation of 4–cyanopyridine N–oxide (1a). 

 

 

 
Even if both reaction mechanisms have been previously 

postulated in literature,[15] experimental evidence of the 

formation of oxaziridine intermediates could be observed only in 

a few cases since many heteroaromatic N-oxides do not show 

transient absorption by laser flash photolysis.[10] We then turned 

our attention to theoretical approaches to provide valuable 

insights.  

To investigate the two possible reaction mechanisms, we 

resorted on Density Functional Theory (DFT)[16] and Time 

Dependent DFT[17] (as detailed in SI) to model ground and 

excited state reactivity. First, to assess the photoisomerization 

hypothesis, we computed the ground and excited state potential 

energy surfaces (PES) describing the formation of the 

oxaziridine intermediate (6a) from 1a, as this is supposed to be 

the key step of the process. 

As relevant structural parameters, two angles (α and β in Figure 

3) were considered. These two angles describe respectively, the 

closure of the CNO ring and the out of plane position of the O 

atom with respect to the heteroaromatic ring.  

As shown in Figure 3, the minima corresponding to 1a and 6a 

can be located on the ground state (S0), the latter corresponding 

to an α=56.8° and β=-107.7°, characteristic of the oxaziridine 

geometry. Analysis of the ground and excited state PES reveals 

the presence of a region, close to the transition state of the 

ground state, with a small difference in energy (~5 kcal/mol) 

between S1 and S0. In this region, relaxation from the excited to 

the ground state is likely to occur. On this basis, we can 

reasonably assume the photoisomerization reaction occurs 

following a four-step isomerization mechanism: after vertical 

absorption leading to the population of the S1 excited state (step 

1, dashed blue arrow), vibrational relaxation leads to the S1 

energy minimum (step 2, red arrow) and if sufficient energy is 

provided, the region of S1→S0 vertical decay can be reached 

(step 3, dashed black arrow) yielding the oxaziridine which can 

finally vibrationally relax toward its corresponding minimum at 

the ground state (step 4, blue arrow). 
  

Figure 3. S0 and S1 free energy surfaces for the 4-cyano pyridine N-oxide (1a). 
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Using this mechanistic modeling (full details in the supporting 

information), we were able to quantify free energy difference 

(GS1-oxa) between the N-oxide first excited state minimum and 

the oxaziridine intermediate on the ground state PES, and 

activation energy (G≠
oxa) for the rate determining step of the 

photocyclization i.e. the isomerization process from the first 

excited state minimum of the N-oxide to the oxaziridine (step 2 

to step 3). From these data, the reaction of 1a is 

thermodynamically favoured (GS1-oxa = -43.6 kcal/mol) and 

kinetically feasible at room temperature (G≠
oxa = 5 to 8 

kcal/mol).  

In order to test the single electron transfer mechanism displayed 

in Scheme 2 we applied Marcus theory[18] (details in the 

supporting information) to compute both activation and reaction 

energies (reported in Table 2). This pathway was found to be 

kinetically (ΔE≠
SET = 2.24 kcal/mol) and thermodynamically 

feasible (ΔESET = -29.2 kcal/mol). However, a direct comparison 

between both mechanisms was not possible because of the 

difficult evaluation of the entropic contribution.[19] 

To overcome this issue we applied the same methodology to 

three additional substrates, the electron–rich N’,N’–

dimethylaminopyridine N–oxide (1e) giving 3e in high yield and 

two acridine N–oxides 1zc and 1zd, which failed to react under 

the optimized experimental conditions (Figure 1). The results 

presented in Table 2 show that, if SET is computed to be 

feasible in all cases, it is found to be more favorable with 

acridine N–oxide 1zd than with the pyridine N–oxide 1e, which 

disagrees with experimental results. The formation of the 

oxaziridine intermediate is favored in the case of 1a,e showing 

the smallest activation energies, while deoxygenation of 1zc,d is 

expected to be unlikely to occur and indeed did not proceed 

under our optimized conditions. On this basis, the computed 

photoisomerization mechanism is consistent with the observed 

yields. 

Table 2. Computed Free energies (GS1-oxa and ΔESET) 

activation energies (G
≠
oxa and ΔE

≠
SET) associated to the 

photoisomerization yielding to the oxaziridine formation (oxa) 
and the single electron transfer mechanism (SET). Refer to 
Scheme 2 for detail.   

 

Substrate ΔGS1-oxa 

(kcal/mol) 

ΔG
≠
oxa  

(kcal/mol) 

ΔESET 

(kcal/mol) 

ΔE
≠
SET  

(kcal/mol) 

1a –43.61 5 to 8 –29.20 2.24 

1e –39.94 2 to 6 5.95 10.54 

1zc –15.26 18 to 22 –4.69 9.97 

1zd –11.29 20 to 24 –15.67 2.58 

 
 

Finally, the mechanism of deoxygenation of dialkylarylamine N-

oxide remains to be elucidated. To this end, we considered the 

reaction of phenylsilane with the parent pyridine N–oxide and 

with N,N-dimethyl aniline N–oxide 4a.  

In both cases, a pre-complex between phenylsilane and amine 

N–oxide (1, 4a) is formed, the oxygen coordinated to the silicon 

atom of the phenylsilane (detailed pathway is reported in the 

supporting information). 

In the case of 4a the energetic barrier to overcome for the 

formation of the final product is found to be 18.6 kcal/mol. The 

optimized transition state structure (TSa) shows that the oxygen 

atom is bridging the nitrogen, the silicon and the hydrogen 

atoms (O–N = 1.73 Å, O–Si = 1.76 Å, O–H = 1.66 Å) with a N-O-

H quasi linear arrangement. Though the reaction in the case of 

the pyridine N-oxide 1 proceeds via a similar transition state 

(TSb), the energy required for this reaction is around 20 kcal/mol 

higher than that for the reaction of 4a with phenyl silane in 

agreement with the experimental observation of the failure of 

pyridine N-oxides to react with phenylsilane at room temperature. 

The difference of reactivity between 1 and 4a stems to higher 

energy NO bond in the latter compared to the former, due to 

conjugation with the heterocycle. 

  

Figure 4. DFT–calculated Gibbs energy profiles for the reactions of 

phenylsilane with 1 and 4a, respectively.  

Conclusion 

In summary, this work demonstrates the efficiency of 

P(III)↔P(V) redox cycling with light to drive practically simple 

deoxygenation of a large variety of heteroaromatic N–oxides. 

Expensive and highly sensitive catalysts, which are typically 

combined with phenylsilane to reduce dialkylarylamine N-oxides, 

turned out to be not required as such a deoxygenation 

proceeded within 10 minutes at room temperature. In order to 

understand factors controlling both reactions, DFT calculations 

have been performed. It was shown that the photochemical 

deoxygenation proceeds most likely through the formation of a 

transient fused oxaziridine as a key intermediate that reacts with 

phosphane to yield the heteroarene. The reaction of 

dialkylarylamine N-oxides with phenylsilane occurs according to 

a concerted pathway, with an activation energy lower than that 

calculated for the deoxygenation of pyridine N–oxide with 
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phenylsilane. Given the importance of deoxygenation of amine 

N–oxides in different domains going from catalysis to biology, 

these simple approaches should find wide applications.  

Experimental Section 

Experimental Details (see supporting information). 
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