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Abstract 
The use of nitroarenes as amino sources in synthesis is challenging. Herein is reported an unusual, straightforward, and 
transition metal-free method for the net [3 + 2]-cycloaddition reaction of 2-azaallyl anions with nitroarenes. The products 
of this reaction are diverse 2,5-dihydro-1,2,4-oxadiazoles (> 40 examples, up to 95% yield). This method does not 
require an external reductant to reduce nitroarenes, nor does it employ nitrosoarenes, which are often used in N–O 
cycloadditions. Instead, it is proposed that the 2-azaallyl anions, which behave as super electron donors (SEDs), deliver 
an electron to the nitroarene to generate a nitroarene radical anion. A downstream 2-azaallyl radical coupling with a 
newly formed nitrosoarene is followed by ring closure to afford the observed products. This proposed reaction pathway 
is supported by computational studies and experimental evidence. Overall, this method uses readily available materials, 
is green, and exhibits a broad scope. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
Introduction 
Heterocyclic compounds are of great importance in the 

pharmaceutical and pesticide industries. Among 
heterocycles, oxadiazoles, five-membered ring 
heterocycles containing an oxygen and two nitrogens, and 
their derivatives, have attracted considerable interests.1-10 
Among oxadiazoles, those containing the 1,2,4-
oxadiazole skeleton, including 2,5-dihydro-1,2,4-
oxadiazoles, are of interest because of their prevalence in 
various biologically active compounds (Figure 1). They 
have been found to exhibit antiviral,11 anticancer,12,13 anti-
inflammatory,14 antirhinovirus,15 and antiparasitic 
properties.16-19 They are also known as muscarinic 
agonists,20-22 GABA modulators,23 and benzodiazepine 
receptor agonists.24 
 

 
Fig. 1 Some biologically important compounds 
containing 1,2,4-oxadiazole core. 
   

Due to the utility of 1,2,4-oxadiazoles in the 
pharmaceutical industry, their synthesis has received 
significant attention. Traditional methods for the 
synthesis of 1,2,4-oxadiazoles are largely based on two 
approaches (Fig. 2a): (1) 1,3-dipolar cycloaddition of 
nitriles to nitrile oxides and (2) thermally promoted 
cyclization of amidoxime derivatives.25,26 Despite the 
popularity of these methods, they suffer from limited 
precursor availability. Recently, Xuan, Xiao and co-
workers developed a [3 + 2]-cycloaddition of 2H-azirines 
with nitrosoarenes under photoredox catalysis with 
visible light. In their study, a series of 2,5-dihydro-1,2,4-
oxadiazole derivatives were prepared in moderate yields 
(up to 63%, Fig. 2b).27 A drawback of this, and related 
cycloadditions,28,29 is the use of nitrosoarenes, which have 
very limited commercial availability and stability.  

In contrast to nitrosoarenes, nitroarenes are feedstocks 
and represent one of the most readily available starting 
materials in organic synthesis. They are easily prepared 

from the parent arenes via Friedel–Crafts nitration and 
many are commercially available and inexpensive. 
Recent years have witnessed the use of nitroarenes as 
amino sources, often in transition metal catalyzed 
processes.30-37 A more formidable challenge is the use of 
nitroarenes as amino precursors in the absence of 
transition metal catalysts.38-45  

Herein, we report a transition metal-free net [3 + 2]-
cycloaddition of nitroarenes with 2-azaallyl anions under 
basic conditions to afford 2,5-dihydro-1,2,4-oxadiazoles 
in good to excellent yields (Fig. 2c). A unique reaction 
mechanism is proposed, wherein SET from the 2-azaallyl 
anion to the nitroarene eventually leads to a 2-azaallyl 
radical that couples with a newly formed nitrosoarene. 
Considering the significant role of nitroarenes in various 
aspects of modern chemistry, we envision that this 
straightforward method will be of interest in organic 
synthesis and medicinal chemistry. 
 

 

Fig. 2 Synthetic methods for 1,2,4-oxadiazoles and 2,5-
dihydro-1,2,4-oxadiazoles. a Traditional routes 
oxadiazoles. b Cycloaddition under photoredox catalysis. 
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Results 
Background. We have been interested in the fascinating 
chemistry of N-benzyl ketimines, which undergo 
deprotonation to give 2-azaallyl anions that exhibit 
umpolung reactivity.46 In our initial investigations we 
studied the use of 2-azaally anions and related 
pronucleophiles in palladium catalyzed cross-coupling 
reactions with aryl halides.47,48 In these reactions, the 2-
azaally anions were produced in situ from either 
aldimines or ketimines under basic reaction conditions. 
Subsequently, we found that 2-azaallyl anions behave as 
super electron donors (SED),49 as defined by Murphy and 
co-workers, and we characterized their reducing 
properties and the structures of the 2-azaallyl anions and 
radical.50 The 2-azaallyl anions promote transition metal-
free arylation with aryl iodides and alkylation with 
sterically encumbered alkyl iodides (Fig. 3a).51-54 They 
are synthetically useful for the synthesis of 
benzofurylethylamines (Fig. 3b) and their isochromene 
analogues.55,56 In the presence of bulky aryl iodides, 
where the coupling in Fig. 3a is slow, cross-
dehydrogenative coupling reactions take place. As shown 
in Fig. 3c, the aryl radical undergoes HAT with ethers 
(such as THF, shown), amines, or toluenes. Radical-
radical coupling then leads to functionalized products.57 
 

 

Fig. 3 SET reactions with 2-azaallyl anions. a 
Transition-metal-free cross-coupling reactions. b 
Cyclization/radical-radical coupling processes for the 
synthesis of benzofurans. c Dehydrogenative cross-
coupling reactions. 
 
Reaction development and optimization. In the present 
study, we were interested in capitalizing on the SED 
properties of 2-azaallyl anions and explored their 
reactivity with nitroarenes.  We initiated our studies 
with nitrobenzene (1a) and N-benzylidene-1,1-
diphenylmethanamine (2a), which leads a 2-azaallyl 
anion upon deprotonation. For the deprotonation, seven 
bases were screened in THF [KOtBu, NaOtBu, LiOtBu, 
LDA, KOH, NaOH and LiOH] at 100 °C for 12 h (Table 
1, entries 1−7). LDA and KOH caused decomposition of 
the aldimine and all reactions that did not generate 
product resulted in recovered nitroarene. Only NaOH and 
LiOtBu were suitable bases for the desired transformation, 
giving the corresponding product 3aa in 35% and 53% 
yields (entries 2 and 7), respectively. Testing a collection 
of solvents [1,4-dioxane, DME (dimethoxy ethane), 
toluene, and CPME (cyclopentyl methyl ether), Table 1, 
entries 8−11] indicated that the reaction in THF 
outperformed those in other solvents. Performing the 
reaction at 120 °C did not improve the yield (Table 1, 
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entry 12), while only trace product was observed when 
the reaction was conducted at 80 °C. The excess amount 
of aldimine is essential for high conversion (Table 1, 
entries 14−17). The yield was elevated to 77% with two 
equiv of imine 2a, and 86% yield was obtained when the 
ratio of imine 2a to nitrobenzene was 3:1. We note that 
the reaction at RT under blue light gave only 13% yield 
of the oxadiazole product after 24 h irradiation (entry 18). 
The structure of 3aa was confirmed by X-ray diffraction 
(CCDC 2032323). 
 
Table 1. Reaction Optimizationa 

 

entry solvent base Temp 
(°C) 

1a:2a Yield(%)[b] 
1 THF LDA 100 °C 1:1 – 
2 THF NaOH 100 °C 1:1 35 
3 THF KOH 100 °C 1:1 – 
4 THF LiOH 100 °C 1:1 – 
5 THF NaOtBu 100 °C 1:1 – 
6 THF KOtBu 100 °C 1:1 – 
7 THF LiOtBu 100 °C 1:1 53 
8 dioxane LiOtBu 100 °C 1:1 39 
9 DME LiOtBu 100 °C 1:1 46 
10 toluene LiOtBu 100 °C 1:1 – 
11 CPME LiOtBu 100 °C 1:1 – 
12 THF LiOtBu 120 °C 1:1 41 
13 THF LiOtBu 80 °C 1:1 trace 
14c THF LiOtBu 100 °C 1:2 77 
15d THF LiOtBu 100 °C 1:3 86 
16c THF LiOtBu 100 °C 2:1 61 
17d THF LiOtBu 100 °C 3:1 55 
18e THF LiOtBu RT 3:1 13 

aReactions were conducted with 1a (0.1 mmol), 2a (0.1 
mmol), base (0.12 mmol), solvent (1 mL), 12 h. bIsolated 
yields. c0.24 mmol of LiOtBu. d0.36 mmol of LiOtBu. 
eUnder blue LED irradiation. 
 
Scope of the aldimine. With the optimized reaction 
conditions in hand (Table 1, entry 15), the scope of the N-
benzyl group of the aldimine partner was examined. As 
shown in Fig 4, various aldimines bearing substituents on 
the N-benzyl group gave the desired products in moderate 
to good yields (58−95%). Aldimines possessing alkyl 
groups (4-Me and 3,4-Me2) gave products 3ab and 3ac in 
87% and 92% yield, respectively. Substrates bearing 

electronegative groups and electron-withdrawing 
substituents (4-Cl, 4-F, 3-CF3, and 3-OCF3) underwent 
reaction in 76−85% yield to furnish the oxadiazole 
products (3ad, 3ae, 3af, and 3ag). Electron-donating 
substrates (4-NMe2, 4-OPh, 4-OMe, 4-SMe, and 2-OMe) 
provided desired products (3ah, 3ai, 3aj, 3ak, and 3al) in 
61−95% yield. Aldimines possessing biphenyl (3am), 4-
pyrazolylphenyl (3an), 4-morpholinophenyl (3ao) and 2-
naphthyl (3ap) groups were all tolerated in this protocol, 
furnishing the cycloaddition products in 75−81% yield. 
Additionally, aldimines containing heterocycles were 
also well tolerated. For example, 2-azaallyls bearing 2-
furanyl, 3-furanyl, 2-thiofuranyl, and 3-thiofuranyl 
heteroarenes participated in this reaction, giving the 
products 3aq−3av in 58−82% yield. Replacing one of the 
phenyl groups of 2a with a methyl group to give 2a’, the 
oxadiazole product (3aa') was prepared in 58% yield with 
NaOtBu as base. To illustrate the scalability of this 
method, we conducted the reaction of nitrobenzene (1a) 
with N-benzhydryl-1-(thiophen-3-yl)methanimine (2v) 
on a 5 mmol scale. The cyclized product 3av was isolated 
in 75% yield (1.43 g). 
 
Scope of the nitroarene coupling partner. The range of 
nitroarene substrates was next explored. Nitroarenes 
bearing diverse substituents exhibited good to excellent 
reactivity, including those with alkyl (3-Me, 3ba, 85% 
yield), electron-donating (4-OMe, 3ca, 85% yield) and 
electronegative or electron-withdrawing substituents [4-
OCF3 (3da), 3-OCF3 (3ea), 4-Br (3fa), 3-Br (3ga), 4-Cl 
(3ha), 3-Cl (3ia), 4-CF3 (3ja), 3-CF3 (3ka), and 3-F (3la), 
71–91% yield]. Nitroarenes possessing 4-Ph (3ma), 
heterocyclic 2-furanyl and 2-thiofuranyl (3na, 3oa), and 
benzyl (3pa) groups all worked well in this 
transformation (77–88% yield). In addition to 
monosubstituted nitroarenes, disubstituted nitroarenes 
such as 1-bromo-3-methoxy-5-nitrobenzene 1q, 2-fluoro-
1-methoxy-4-nitrobenzene 1r, and 1-methoxy-2-methyl-
4-nitrobenzene 1s were also suitable substrates in this 
protocol, affording the cyclized products 3qa−3sa in 
81−85% yields. These substrates are primed for further 
functionalization through cross-coupling strategies. 
Overall, a variety of 2,5-dihydro-1,2,4-oxadiazoles were 
readily prepared by net [3+2] cycloaddition of simple 
nitroarenes with aldimines. 

 

 
 

 



 

 
Fig. 4 Substrate scope.a,b a. Scope of the aldimine. b. Scope of the nitroarene. aReaction conditions: nitroarene (0.1 
mmol), aldimine (0.3 mmol), LiOtBu (0.36 mmol), THF (0.1 M), 100 °C, 12 h. bIsolated yield. c0.2 mmol of aldimine. 
d0.24 mmol of LiOtBu. eReaction performed on 5 mmol scale. f0.36 mmol of NaOtBu. gDME (0.1 M). 
 
 
In an effort to broaden the types of oxadiazoles accessible 
with this method, we targeted 1,3-diaryl 2-azaallyl anions 
with the goal of preparing triaryl-substituted oxadiazoles. 
As shown in Fig. 5, N-benzylidene-1-
phenylmethanamine (2A) underwent reaction at 60 °C to 
afford 3aA in 81% yield. We next wished to examine 
unsymmetrical 1,3-diaryl 2-azaallyl precursors to explore 
regioselectivity in this reaction. When the aldimine 2B, 
prepared from 2-methyl benzaldehyde, was employed the 
2-tolyl group of the product was preferentially located in 
the sterically least hindered position with a regioisomeric 
ratio (rr) of 78 : 22. The rr of all products was determined 
by 1H NMR analysis of the crude reaction mixture. In the 
case of 3aB, the major regioisomer was isolated by 
column chromatography in 70% and its assignment as the 
5-tolyl derivative made based on HMQC and HMBC 
experiments.  In contrast, when aldimines 2C–E, 
generated from 4-halo-benzaldehydes, were employed 
(halogen = F, Cl, Br) the opposite regioisomer was 
observed with rr = 35 : 65 (X = F), 24 : 76 (X = Cl) and 
32 : 68 (X = Br). The isolated yields of the major 

regioisomers were 61% (3aC), 55% (3aD), and 50% 
(3aE). The regiochemistry of the major regioisomer 3aE 
was further confirmed through characterization by X-ray 
crystallography (CCDC 2068961).   

A brief study of nitroarenes with the 1,3-diphenyl 
aldimine 2A was performed. Nitroarenes bearing electron 
donating (4-OMe) electronegative (4-Br, 4-Cl, 4-F) and 
electron withdrawing (4-CF3) substituents were well-
tolerated in this reaction and furnished the products in 76–
90% yield.  

Furthermore, we were pleased to find that the 
diversity of the compounds accessible could be extended 
by increasing the reaction temperature by 40 oC. Thus, 
when the reaction between 1a and 2A was conducted at 
100 °C the N–O bond in the oxadiazole was cleaved and 
the ring-opening product 3AA was isolated in 88% yield. 
A succinct study of the cyclization/ring opening reaction 
was performed with representative nitroarenes bearing 
electron-donating (4-OMe, 3CA and 4-NMe2, 3TA) and 
electronegative (4-F, 3LA) groups.  These substrates 
performed well in this cyclization/ring-opening 
transformation, giving the products in 69−86% yield. 
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These examples highlight the utility of nitroarenes as 
amino sources in this chemistry.   
 

 

Fig. 5 Substrate scope in the synthesis of triaryl-
substituted oxadiazoles and ring-opening productsa,b. 
aReaction conditions: nitroarene (0.1 mmol), 2a (0.3 
mmol), LiOtBu (0.36 mmol), THF (0.1 M), 60 oC, 12 h. 
bIsolated yield. c100 oC. 
 

Interestingly, reaction of 2a’ with nitrobenzene in the 
presence of LiOtBu (3 equiv) at 100 oC resulted in the 
formation of the ring-opened product 3AA, which has 
undergone demethylation. Initially, we suspected that 3aa’ 
from Fig. 4 is formed as an intermediate and underwent 
demethylation by LiOtBu. However, subjecting 3aa’ to 
the reaction conditions gave no 3AA (Fig. 6a).  Thus, 
demethylation occurs earlier in the reaction. Further, we 
also conducted the reaction without the addition of 
PhNO2, but the demethylation product was not observed 
in the recovered materials, which indicated the 
demethylation did not occur before the participation of 
the nitroarene.  

We were interested in gaining insight into the nature 
of the ring-opening reactions in Fig 5. Thus, subjecting 

the oxadiazole 3aA to heating at 100 oC in THF for 12 h 
resulted in recovery of the oxadiazole. When the same 
reaction was performed in the presence of 2 equiv LiO-t-
Bu, which is necessary for the formation of the 
oxadiazole, the ring opened product was obtained in 80% 
yield. This result suggests that the ring-opening is 
promoted by base, as shown in Fig. 6b. It is noteworthy 
that the N-benzoylbenzamidinate products formed in this 
tandem reaction are useful ligands in the area of materials 
science, especially for ring opening polymerization 
processes.58-60  
 

 
Fig. 6 Ring-opening experiments. a Demethylation 
experiment. b Role of base in ring-opening of oxadiazoles. 
 
Mechanistic experiments.   
To probe the mechanism of this unusual transformation, 
several experiments were conducted. When the nitroarene 
was subjected to 1 equiv LiOtBu for 12 h at 100 oC in THF 
in the absence of imine, the nitroarene was recovered in 
87% yield. This result indicates that the LiOtBu does not 
act as the reducing agent to reduce the nitroarene. A 
competition experiment between 0.1 mmol of 3-fluoro 
nitrobenzene (1l) and 0.1 mmol 4-trifluoromethyl 
nitrobenzene (1j) with 0.1 mmol imine 2a in the presence 
of 2 equiv LiOtBu resulted in formation of product 
derived from the 4-trifluoromethyl nitrobenzene in 65% 
yield and no detectable amount of product formed from 
the 3-fluoro nitrobenzene (Fig. 7a). The faster reaction of 
the 4-trifluoromethyl nitrobenzene is consistent with a 
mechanism involving initial reduction of the nitroarene. 
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Next, we focused on the chemoselectivity between two 
reactive functional groups. 3-Iodo nitrobenzene 4 has two 
reactive functional groups that are susceptible to 
reduction, providing two possible reaction pathways (Fig. 
7b). A reasonable first step in both reactions is SET from 
the 2-azaallyl anion to 3-iodo nitrobenzene to generate 
the arene radical anion. The top pathway in Fig. 7b 
involves loss of iodide from the arene radical anion and 
generation of an aryl radical. Reaction of the persistent 2-
azaallyl radical with the aryl radical would give the 
tetraaryl product, as was previously reported for aryl 
iodides not bearing nitro groups (Fig. 3a).61 However, the 
arylated product was not detected by 1H NMR 
spectroscopy under these conditions. Instead, it appears 
that the reduced nitro arene leads to the oxadiazole 
product 5 in 64% yield (Fig. 7b, bottom pathway). This 
reaction is proposed to proceed through nitrosobenzene, 
as discussed further below. The results of Fig. 7b 
highlight the lower barrier to reaction at the nitrogen 
center vs. loss of iodide. 
 
Finally, we note that the dimerization of the 2-azaallyl 
radical takes place to generate the diimine products, as is 
commonly observed in reactions of 2-azaallyl anions that 
proceed through open shell intermediates (Fig. 7c). Note 
that the assay yields (AY), were determined by 1H NMR 
integration of the crude reaction mixture. The AY of the 
diimines is based on the 0.3 mmol aldimine employed in 
this reaction whereas the oxadiazole AY is based on the 
nitrobenzene. 

 
Fig. 7 Competition experiments and dimerization of 
the 2-azaallyl radical. a Competition between two 
nitroarenes. b Competing reaction pathways between 
arylation and oxadiazole formation. c Formation of the 
oxadiazole and diastereomeric dimers through 2-azaallyl 
radical coupling processes. 
 
Mechanistic studies by DFT 

Computational studies were carried out to shed light 
on the mechanistic pathway. First, the deprotonation of 
aldimine 2a in the presence of LiOtBu was considered. 
Two possible adducts between LiOtBu and the aldimine 
were examined (INT1 and INT1ʹ, Fig. 8a). In INT1 the 
ketimine 2a binds to LiOtBu via Li–N dative interaction 
and in INT1ʹ a cation-π interaction is formed. 
Computational results show that the cation-π interaction 
in INT1ʹ is ca. 6 kcal/mol higher in energy than the dative 
adduct in INT1. A transition state for deprotonation via 
the cation-π adduct was located as shown in TS1, in 
which the C3•••H distance is lengthened to 1.44 Å while 
O•••H distance is shortened to 1.25 Å. The resulting 
cation-π complex formed after deprotonation (INT2ʹ) is 
reminiscent of crystallographically characterized 
structures of 2-azaallyl anions with main group metals50. 
This structure is predicted to rearrange to the more stable 
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adduct INT2 with a Li–N dative interaction. 
 Next, a ligand exchange step between tBuOH and 

nitrobenzene (1a) generates the O-bound k2-nitrobenzene 
adduct INT3. While this step is uphill by 6.4 kcal/mol, 
INT3 can undergo an exergonic intersphere SET to afford 
a diradical complex INT3a in triplet state. The open-shell 
singlet of INT3a was also considered, which was 0.2 
kcal/mol higher in energy than the triplet state of INT3a. 
The SET from the 2-azaallyl anion to the nitrobenzene is 
downhill by 14.3 kcal/mol. Intermediate INT3a 
possesses the bound 2-azaallyl radical (2aʹ) and the 
nitrobenzene radical anion. In addition, substituent 
effects on the nitroarene were also considered for the SET 
step. When nitroarene 1j, possessing a 4-CF3 substituent, 
and 1l, bearing a 3-F substituent, were used in the 
calculations, the calculated energy gap for 1j (21.6 
kcal/mol) was significantly larger than that of 1l (18.0 
kcal/mol), implying that the generation of the 
corresponding radicals is more efficient for 1j than 1l. 
This computational prediction is consistent with the 
experimental observations that the 4-trifluoromethyl 
nitrobenzene reacts faster than 3-fluoro nitrobenzene in 
the competitive experiment shown in Fig. 7a).  

We initially expected that diradical intermediate 
INT3a might undergo internal C–N or C–O bond 
formation (Supplementary Figure 1). Calculated barriers 
for these processes, however, exceeded 50 kcal/mol.  
Thus, we envisioned exchange of the bound 2-azaallyl 
radical for the aldimine starting material.  The liberated 
2-azaallyl radical is known to undergo dimerization to 
afford diimines, which are observed products (Fig. 7c). 
The calculations indicate that the lithium salt of the 
nitrobenzene radical anion, INT4, can bind to the 
aldimine 2a through the nitrogen atom to generate a new 
adduct, INT5. With the nitrobenzene radical anion and 
the aldimine 2a both bound to Li+, HAT from the benzylic 
C–H of the bound aldimine by the oxygen of the 
nitrobenzene radical anion via TS2 generates INT6. 
Hydroxide migrates from the nitrogen of INT6 to lithium 

to form a complex of the 2-azaallyl radical, 
nitrosobenzene, and LiOH (INT7) in the coordination 
sphere of the Li+.65 Thus, the reduction of PhNO2 to 
PhNO is proposed, along with the formation of LiOH. 
Dissociation of the nitrosobenzene and 2-azaallyl radical 
is next proposed. 

After the formation of nitrosobenzene, radical 
additions with the 2-azaallyl radical 2aʹ were examined 
computationally. To form the product 3aa, both O-attack 
of PhNO on C3 of 2aʹ and N-attack to C1 were considered 
(Fig. 8b). Computational results show that it is more 
favorable for N-attack at C1 via TS3b to afford INT9b. 
One may propose that the subsequent intramolecular O-
attack of INT9b at C3 via TS4b might occur to furnish a 
cyclized intermediate INT10. However, computational 
results show that this cyclization step needs to overcome 
a much higher activation barrier (41.7 kcal/mol), 
suggesting that this pathway is not feasible 
(Supplementary Figure 2). On the other hand, the formed 
INT9b might undergo a proton transfer step with LiOtBu 
via TS4 to afford the radical anion INT11. Subsequently, 
the intramolecular cyclization of INT11 could follow via 
TS5 to afford radical anion INT12. The calculated 
activation energy for this step is 31.9 kcal/mol, which is 
reasonable under these reaction conditions. We also 
examined the pathway with O-attack of PhNO at C3 of the 
2-azaallyl radical 2aʹ (via TS3a) as the first step in the 
cyclization, followed by N-attack to C1 via TS4a to 
generate the cyclized species. However, the predicted 
overall activation energy for this pathway is 37.6 
kcal/mol (Supplementary Figure 2), which is 
substantially higher than the proposed pathway shown in 
Fig. 8b)  

Finally, the formed radical anion INT12 could 
undergo SET with nitrobenzene to form the oxadiazole 
and INT13. The formed INT13 could undergo another 
ligand exchange step with substrate 2a to generate the 
final product 3aa and INT5, which enters a next cycle.  

 



 
Fig. 8 Computational studies. a Energy profile for the formation of the key 2-azaallyl radical (2aʹ) and nitrosobenzene. 
b Energy profile for the formation of the final product (3aa). Bond distances are shown in Å. 
 
Mechanistic Considerations.   

Grounded in the computational and experimental 
results above, and observations reported in the literature, 
a reaction mechanism is provided in Fig. 9 and discussed 
here. Deprotonation of the aldimine 2 generates the 2-
azaallyl anion. Given that reactions with stronger bases, 
such as LDA, do not give the oxadiazole products in 
appreciable yields, we interpret these observations to 
suggest that low concentrations of the 2-azaallyl anion, or 

downstream intermediates like the 2-azaallyl radical, are 
crucial to the success of this reaction. The strong base 
LDA would rapidly convert the aldimine to the 2-azaallyl 
anion, depleting the aldimine, which is a key intermediate 
as seen in Fig. 8b. As noted above, SET from the 2-
azaallyl anion to the nitroarene is proposed to afford the 
nitroarene radical anion, A. It is noteworthy that the 
radical anion of nitrobenzene has been characterized 
experimentally and computationally.63,64 As might be 
expected, most of the increased electron density on 

15.5

18.3

-12.2

-1.9

-19.7
INT10

Ph

N
O

N

Ph Ph

Ph

Ph

N O

N

Ph Ph

Ph

TS3a

TS3b

INT9a

INT9b

Ph N Ph

Ph

7.3LiOH
INT8

Ph

N
OHO

Li

-1.6

INT7

-53.6

-5.2
TS4

-21.1
INT12

(U)M06-2X/6-311++G(d,p)/SMD(THF)//(U)B3LYP/6-31G(d)DGsol (kcal/mol)

tBuOLi

PhNO2
1a

-53.6
INT5

tBuOH

2a

INT13

20.6
20.3
INT6

Ph N Ph

Ph

-12.0

INT5

Ph

N
OHO

Li

11.6

INT6'

-37.4
INT11

-19.4
INT11'

-5.5
TS5

tBuO

Li

Ph

N
O

N

Ph

H

1.96

TS2

Ph N
Ph

Ph

H

Li

O

N

O

Ph

Ph N Ph

Ph

Ph

N

O

O

Li
H

HAT

Ph N Ph

Ph

Ph
N

OH

O

Li

Ph N Ph

Ph

Ph
N

O

Ph

N
O

N

Ph Ph

Ph

TS3b

Ph

N
O

N

Ph
Ph

Ph

TS3a

2.04

2.26

Ph

N O

N

Ph Ph

Ph

tBu
O

Li
H

Li

O

N

O

Ph
SET

Chain
propagation

Ph

N O

N

Ph
Ph

Ph

Ph N Ph

Ph

Li

O

N

O

Ph

Ph

N O

N

Ph
Ph

Ph

N
O

Li

N

Ph

PhPh

Ph O
H

tBu

Ph
Ph

N Ph

Ph

Ph

N
OPh

Li
O

tBu

H

O
Li

N

N

Ph

Ph
O

Ph

Ph

tBu

O

N

N
Ph

Ph

Ph

Ph

Li

O

tBu
H

Ph N Ph

Ph

2a

tBuOLi

0.0

-5.3

0.6

13.3

3.1

-1.8

4.6

-6.7

tBuOH

PhNO2

2a

Ph N Ph

Ph

INT1

TS1

Ph N Ph

Ph

tBu
O

Li

Ph N

Ph

tBu
O Li

H

Ph N

Ph

tBu
O

Li

INT1'

INT2

INT3

INT4

1.44

1.25

-12.0

INT5

2a'

1a

C3C1

-9.7

(U)M06-2X/6-311++G(d,p)/SMD(THF)//(U)B3LYP/6-31G(d)DGsol (kcal/mol)

Ph N
Ph

Ph

H

Li

O

N

O

Ph

INT3a

Ph N Ph

Ph

Li

O

N

O

Ph

Li

O

N

O

Ph

Deprotonation

Ph N

Ph

tBu
O Li

H

INT2'

Ph N Ph

Ph

tBu

O

Li

H

Ph N Ph

Ph

Li

O

N

O

Ph

a Energy profile for the formation of the key 2-azaallyl radical (2a') and nitrosobenzene

b Energy profile for the formation of the final product (3aa)



forming the nitrobenzene radical anion is located on the 
nitro group.64  From electrochemical data it is known 
that the reduction of nitroarenes occurs more readily than 
the reduction of aryl iodides.62 Nonetheless, as shown in 
Fig. 3a, in the absence of a nitro group, 2-azaallyl anions 
reduce aryl iodides to aryl radicals.51-54 Also formed in 
this SET step is the persistent 2-azaallyl radical, which 
undergoes dimerization to form the rac- and meso-
diimines outlined in Fig. 7c.  

Based on the computational study, the nitroarene 
radical anion A does not react with the 2-azaallyl radical.  
Instead, calculations show a lower barrier for HAT 
between the lithium bound nitro arene radical anion and 
the aldimine via the arrow pushing shown in B. The next 
step involves elimination of LiOH via C. The products of 
this step are a nitrosoarenes and the 2-azaallyl radical. We 
then set out to determine if the nitroso arene was a viable 
intermediate in this reaction, as shown in Fig. 10.  In the 
presence of 4-nitrotoluene and 4-nitroso anisole, imine, 
and base, the net [3+2] product was formed from the 
nitroso arene, consistent with the calculations. The 2-
azaallyl radical and nitroso arene undergo addition to 
form the C–N bond in E with a lower barrier than the 
formation of the C–O bond (Fig. 8b).  Intermediate E is 
proposed to undergo deprotonation by LiOtBu to and 
isomerization via F to afford the radical anion (G). 
Radical chain propagation occurs when G transfers an 
electron to a nitroarene to regenerate the nitroarene 
radical anion and the oxadiazole product 3. 

 
Fig. 9 Proposed reaction pathway. Key steps include 
reduction of the nitroarene by the 2-azaallyl anion, HAT 
from the aldimine to the nitroarene radical anion (B), 
formation of the nitrosoarene (D) and radical-chain 

propagation from G. 
 

 
Fig 10. Competition reaction with nitroso arene. Product 
3ca is consistent with the intermediacy of the nitroso arene in 
the net [3+2] reaction.  Similar results were obtained with 4-
nitro anisole and 4-nitrosotoluene which gave 3ta (not shown). 
 
Discussion 
We have developed a transition-metal-free reaction of 
aldimines with nitroarenes. This method provides a green 
and operationally simple approach to afford a variety of 
2,5-dihydro-1,2,4-oxadiazole derivatives in good yields. 
The scope of the reaction is broad with high functional 
group compatibility and enables rapid incorporation of 
heteroaryl groups. 2,5-Dihydro-1,2,4-oxadiazoles belong 
to a class of biologically important heterocyclic 
compounds that are employed in the pharmaceutical 
industry and found in natural products. This new protocol 
is distinct from previously reported cycloadditions, 
because it involves nitroarenes rather than nitrosoarenes. 
Nitroarenes are abundant, commercially available 
feedstocks, but have proven difficult to employ as amino 
sources in organic synthesis. A unique aspect of this 
reaction is the distinct mechanism, where the 2-azaallyl 
anion serves to activate the nitroarene by SET, 
eliminating the need for external reducing agents. 
Computational studies suggest that the lowest energy 
pathway involves a radical-chain process.  Considering 
the great potential of nitroarenes in the chemical sciences, 
we envision that this new protocol will be of interest in 
modern chemistry and hope that it inspires chemists to 
revisit the use of nitroarenes as amino sources. 
 
Methods 
General Procedures for synthesis of 3aa. An oven-dried 
10 mL vial equipped with a stir bar was charged with 
aldimine (0.3 mmol) and LiOtBu (28.8 mg, 0.36 mmol) 
under a nitrogen atmosphere in a glovebox. THF (1 mL) 
was added to the reaction followed by addition of 
nitroarene (10.2 μL, 0.1 mmol) by syringe at room 
temperature. The color of the reaction mixture turned to 
light yellow. The vial was capped, removed from the 
glovebox, and stirred for 12 h at 100 ℃. After cooling to 
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room temperature, the reaction mixture was quenched 
with three drops of H2O and the vial was open to the air, 
passed through a short pad of silica gel and eluted with 
ethyl acetate (1 mL × 3). The combined organic solution 
was concentrated under reduced pressure. The crude 
material was loaded onto a silica gel column and purified 
by flash chromatography. 
 

Date availability 

The authors declare that all the data supporting the 
findings of this study are available within the paper and 
its Supplementary Information files, or from the 
corresponding author upon request. For the experimental 
procedures and spectroscopic and physical data of 
compounds, see Supplementary Methods. For 1H and 
13C{1H} NMR spectra of compounds, see Supplementary 
Figures 3–113.  The X-ray crystallographic coordinates 
for structures reported in this study have been deposited 
at the Cambridge Crystallographic Data Centre (CCDC), 
under deposition numbers CCDC 2032323 (3aa) and 
2068961 (3aE).  These data can be obtained free of 
charge from The Cambridge Crystallographic Data 
Centre via https://www.ccdc.cam.ac.uk/data_request/cif. 

 
 
References 
1 Abdildinova, A. & Gong, Y. D. Current parallel solid-

phase synthesis of drug-like oxadiazole and thiadiazole 
derivatives for combinatorial chemistry. ACS. Comb. Sci. 
20, 309-329 (2018). 

2 Almansour, A. I., Suresh Kumar, R., Arumugam, N. & 
Sriram, D. A solvent free, four-component synthesis and 
1,3-dipolar cycloaddition of 4(H)-pyrans with nitrile 
oxides: synthesis and discovery of antimycobacterial 
activity of enantiomerically pure 1,2,4-oxadiazoles. Eur. 
J. Med. Chem. 53, 416-423 (2012). 

3 Bostrom, J., Hogner, A., Llinas, A., Wellner, E. & 
Plowright, A. T. Oxadiazoles in medicinal chemistry. J. 
Med. Chem. 55, 1817-1830 (2012). 

4 Guo, J., Hua, R., Sui, Y. & Cao, J. Synthesis of 3,5-
disubstituted 1,2,4-oxadiazoles and their behavior of 
liquid crystallines. Tetrahedron Lett. 55, 1557-1560 
(2014). 

5 Hu, Y., Li, C. Y., Wang, X. M., Yang, Y. H. & Zhu, H. L. 
1,3,4-Thiadiazole: synthesis, reactions, and applications 
in medicinal, agricultural, and materials chemistry. 
Chem. Rev. 114, 5572-5610 (2014). 

6 Jiang, C. S. et al. Synthesis and biological evaluation of 
novel marine-derived indole-based 1,2,4-oxadiazoles 
derivatives as multifunctional neuroprotective agents. 
Bioorg. Med. Chem. Lett. 25, 216-220 (2015). 

7 Kaur, N., Dwivedi, J. & Kishore, D. Solid-phase 
synthesis of nitrogen-containing five-membered 
heterocycles. Synth. Commun. 44, 1671-1729 (2014). 

8 Li, Z., Zhan, P. & Liu, X. 1,3,4-oxadiazole: a privileged 
structure in antiviral agents. Mini-Rev. Med. Chem. 11, 
1130-1142 (2011). 

9 Potts, K. T. The chemsity of 1,2,4-triazoles. Chem. Rev. 
61, 87−127 (1961). 

10 Quadrelli, P. & Caramella, P. Synthesis and synthetic 
applications of 1,2,4-oxadiazole-4-oxides. Curr. Org. 
Chem. 11, 959-986 (2007). 

11 Kohara, Y. et al. A new class of angiotensin II receptor 
antagonists with a novel acidic bioisostere. Bioorg. Med. 
Chem. Lett. 5, 1903-1908 (1995). 

12 Kumar, D., Patel, G., Johnson, E. O. & Shah, K. 
Synthesis and anticancer activities of novel 3,5-
disubstituted-1,2,4-oxadiazoles. Bioorg. Med. Chem. 
Lett. 19, 2739-2741 (2009). 

13 Carbone, M. et al. Structure and cytotoxicity of 
phidianidines A and B: first finding of 1,2,4-oxadiazole 
system in a marine natural product. Org. Lett. 13, 2516-
2519 (2011). 

14 Boraa, R. O., Dara, B., Pradhanc, V. & Farooquia, M. [1, 
2, 4]-Oxadiazoles: synthesis and biological applications. 
Mini-Rev. Med. Chem. 14, 355-369 (2014). 

15 Diana, G. D. et al. Oxadiazoles as ester bioisosteric 
replacements in compounds related to disoxaril. 
antirhinovirus activity. J. Med. Chem. 37, 2421-2436 
(1994). 

16 Cerecetto, H. et al. 1,2,5-Oxadiazole N-oxide 
derivatives and related compounds as potential 
antitrypanosomal drugs: structure-activity relationships. 
J. Med. Chem. 42, 1941-1950 (1999). 

17 Havens, C. G. et al. Cellular effects of leishmanial 
tubulin inhibitors on L. donovani. Mol Biochem 
Parasitol 110, 223-236 (2000). 

18 Cottrell, D. M. et al. Antikinetoplastid activity of 3-aryl-
5-thiocyanatomethyl-1,2,4-oxadiazoles. Bioorg. Med. 
Chem. 12, 2815-2824 (2004). 

19 Sayed, A. A. et al. Identification of oxadiazoles as new 
drug leads for the control of schistosomiasis. Nat. Med. 
14, 407-412 (2008). 

20 Showell, G. A. et al. Tetrahydropyridyloxadiazoles: 
semirigid muscarinic ligands. J. Med. Chem. 34, 1086-
1094 (1991). 



21 Orlek, B. S. et al. Comparison of azabicyclic esters and 
oxadiazoles as ligands for the muscarinic receptor. J. 
Med. Chem. 34, 2726-2735 (1991). 

22 William S. Messer, J. et al. Synthesis and biological 
characterization of 1,4,5,6-tetrahydropyrimidine and 2-
amino-3,4,5,6-tetrahydropyridine derivatives as 
selective m1 agonists. J. Med. Chem. 40, 1230-1246 
(1997). 

23 Lankau, H. J. et al. New GABA-modulating 1,2,4-
oxadiazole derivatives and their anticonvulsant activity. 
Eur. J. Med. Chem. 42, 873-879 (2007). 

24 Watjen, F. et al. Novel benzodiazepine receptor partial 
agonists:oxadiazolylimidazobenzodiazepines. J . Med. 
Chem. 32, 2282-2291 (1989). 

25 Pace, A., Buscemi, S. & Vivona, N. The synthesis of 
fluorinated heteroaromatic compounds. part 1. five-
membered rings with more than two heteroatoms. a 
review. Org. Prep. Proced. Int. 37, 447-506 (2005). 

26 Pace, A. & Pierro, P. The new era of 1,2,4-oxadiazoles. 
Org. Biomol. Chem. 7, 4337-4348 (2009). 

27 Cai, B. G., Chen, Z. L., Xu, G. Y., Xuan, J. & Xiao, W. 
J. [3 + 2]-Cycloaddition of 2 H-azirines with 
nitrosoarenes: visible-light-promoted synthesis of 2,5-
dihydro-1,2,4-oxadiazoles. Org. Lett. 21, 4234-4238 
(2019). 

28 Chatterjee, I., Frohlich, R. & Studer, A. Formation of 
isoxazolidines by enantioselective copper-catalyzed 
annulation of 2-nitrosopyridine with allylstannanes. 
Angew. Chem. Int. Ed. 50, 11257-11260 (2011). 

29 Chakrabarty, S., Chatterjee, I., Wibbeling, B., Daniliuc, 
C. G. & Studer, A. Stereospecific formal [3+2] dipolar 
cycloaddition of cyclopropanes with nitrosoarenes: an 
approach to isoxazolidines. Angew. Chem. Int. Ed. 53, 
5964-5968 (2014). 

30 Srivastava, R. S. & Nicholas, K. M. Kinetics of the 
allylic amination of olefins by nitroarenes catalyzed by 
[CpFe(CO)2]2. Organometallics 24, 1563-1568 (2005). 

31 Fang, X., Jackstell, R. & Beller, M. Selective palladium-
catalyzed aminocarbonylation of olefins with aromatic 
amines and nitroarenes. Angew. Chem. Int. Ed. 52, 
14089-14093 (2013). 

32 Cheung, C. W. & Hu, X. Amine synthesis via iron-
catalysed reductive coupling of nitroarenes with alkyl 
halides. Nat. Commun. 7, 12494 (2016). 

33 Gui, J. et al. Practical olefin hydroamination with 
nitroarenes. Science 348, 886-891 (2015). 

34 Zhou, F., Wang, D. S., Guan, X. & Driver, T. G. 
Nitroarenes as the nitrogen source in intermolecular 
palladium-catalyzed aryl C-H bond aminocarbonylation 

reactions. Angew. Chem. Int. Ed. 56, 4530-4534 (2017). 
35 Cheung, C. W., Ma, J. A. & Hu, X. Manganese-mediated 

reductive transamidation of tertiary amides with 
nitroarenes. J. Am. Chem. Soc. 140, 6789-6792 (2018). 

36 Wang, X. et al. Copper-catalyzed synthesis of 
sulfonamides from nitroarenes via the insertion of sulfur 
dioxide. Chem. Commun. (Camb.) 56, 3437-3440 
(2020). 

37 Xiao, J., He, Y., Ye, F. & Zhu, S. Remote sp3 C–H 
amination of alkenes with nitroarenes. Chem 4, 1645-
1657 (2018). 

38 Sapountzis, I. & Knochel, P. A new general preparation 
of polyfunctional diarylamines by the addition of 
functionalized arylmagnesium compounds to 
nitroarenes. J. Am. Chem. Soc. 124, 9390-9391 (2002). 

39 Gao, H., Xu, Q. L., Yousufuddin, M., Ess, D. H. & Kurti, 
L. Rapid synthesis of fused N-heterocycles by 
transition-metal-free electrophilic amination of arene C-
H bonds. Angew. Chem. Int. Ed. 53, 2701-2705 (2014). 

40 Rauser, M., Ascheberg, C. & Niggemann, M. 
Electrophilic amination with nitroarenes. Angew. Chem. 
Int. Ed. 56, 11570-11574 (2017). 

41 Nykaza, T. V. et al. Intermolecular reductive C-N cross 
coupling of nitroarenes and boronic acids by PIII/PV =O 
catalysis. J. Am. Chem. Soc. 140, 15200-15205 (2018). 

42 Rauser, M., Eckert, R., Gerbershagen, M. & Niggemann, 
M. Catalyst-free reductive coupling of aromatic and 
aliphatic nitro compounds with organohalides. Angew. 
Chem. Int. Ed. 58, 6713-6717 (2019). 

43 Wang, M., Fan, Q. & Jiang, X. Metal-free construction 
of primary sulfonamides through three diverse salts. 
Green Chem. 20, 5469-5473 (2018). 

44 Chen, K. et al. Sequential C-S and S-N coupling 
approach to sulfonamides. Org. Lett. 22, 1841-1845 
(2020). 

45 Li, Y., Wang, M. & Jiang, X. Straightforward 
sulfonamidation via metabisulfite‐mediated cross 
coupling of nitroarenes and boronic acids under 
transition‐metal‐free conditions. Chin. J. Chem . 38, 
1521-1525 (2020). 

46 Tang, S., Zhang, X., Sun, J., Niu, D. & Chruma, J. J. 2-
Azaallyl anions, 2-azaallyl cations, 2-azaallyl radicals, 
and azomethine ylides. Chem. Rev. 118, 10393-10457 
(2018). 

47 Li, M., Yucel, B., Adrio, J., Bellomo, A. & Walsh, P. J. 
Synthesis of diarylmethylamines via palladium-
catalyzed regioselective arylation of 1,1,3-triaryl-2-
azaallyl anions. Chem. Sci. 5, 2383-2391 (2014). 

48 Li, M. et al. Umpolung synthesis of diarylmethylamines 



via palladium-catalyzed arylation of N-benzyl aldimines. 
Adv. Synth. Catal. 358, 1910-1915 (2016). 

49 Murphy, J. A. Discovery and development of organic 
super-electron-donors. J. Org. Chem. 79, 3731-3746 
(2014). 

50 Panetti, G. B. et al. Synthesis of an elusive, stable 2-
azaallyl radical guided by electrochemical and reactivity 
studies of 2-azaallyl anions. Chem. Sci. 12, 4405-4410 
(2021). 

51 Li, M. et al. Transition-metal-free chemo- and 
regioselective vinylation of azaallyls. Nat. Chem. 9, 
997-1004 (2017). 

52 Li, M. et al. Transition-metal-free radical C(sp3)-C(sp2) 
and C(sp3)-C(sp3) coupling enabled by 2-azaallyls as 
super-electron-donors and coupling-partners. J. Am. 
Chem. Soc. 139, 16327-16333 (2017). 

53 Wang, Q., Poznik, M., Li, M., Walsh, P. J. & Chruma, J. 
J. 2-Azaallyl anions as light-tunable super-electron-
donors: coupling with aryl fluorides, chlorides, and 
bromides. Adv. Synth. Catal. 360, 2854-2868 (2018). 

54 Shelp, R. A. & Walsh, P. J. Synthesis of BCP 
benzylamines from 2-azaallyl anions and 
[1.1.1]propellane. Angew. Chem. Int. Ed. 57, 15857-
15861 (2018). 

55 Yu, K. et al. An efficient route to isochromene 
derivatives via cascade radical cyclization and radical‐
radical coupling. Adv. Synth. Catal. 361, 4354-4359 
(2019). 

56 Deng, G. et al. Synthesis of benzofuran derivatives 
through cascade radical cyclization/intermolecular 
coupling of 2-azaallyls. Angew. Chem. Int. Ed. 58, 2826-
2830 (2019). 

57 Liu, Z. et al. Transition-metal-free C(sp3)–H/C(sp3)–H 
dehydrogenative coupling of saturated heterocycles 
with N-benzyl imines. Chem. Sci. 11, 7619-7625 (2020). 

58 Raghavendra, B., Bakthavachalam, K., Ramakrishna, B. 
& Dastagiri Reddy, N. N-Benzoylbenzamidinate 
complexes of magnesium: catalysts for the ring-opening 
polymerization of ε-caprolactone and CO2/epoxide 
coupling. Organometallics 36, 4005-4012 (2017). 

59 Kirubakaran, B., Beesam, R. & Nareddula, D. R. Zinc(II) 
complexes of Triaza and Amidinate ligands: efficient 
initiators for the ring-opening polymerization of ε-
Caprolactone and rac-Lactide. Appl. Organomet. Chem. 
31, e3833 (2017). 

60 Bakthavachalam, K., Rajagopal, A. & Dastagiri Reddy, 
N. N-Benzoylbenzamidinate complexes of aluminium: 
highly efficient initiators for the ring-opening 
polymerization of  ε-caprolactone. Dalton Trans 43, 

14816-14823 (2014). 
61 Leifert, D. & Studer, A. The persistent radical effect in 

organic synthesis. Angew. Chem. Int. Ed. 59, 74-108 
(2020). 

62 Nicewicz, D., Roth, H. & Romero, N. Experimental and 
calculated electrochemical potentials of common 
organic molecules for applications to single-electron 
redox chemistry. Synlett 27, 714-723 (2015). 

63 Geske, D. H. & Maki, A. H. Electrochemical generation 
of free radicals and their study by electron spin 
resonance spectroscopy; the nitrobenzene anion radical. 
J. Am. Chem. Soc. 82, 2671-2676 (1960). 

64 Steill, J. D. & Oomens, J. Spectroscopically resolved 
competition between dissociation and detachment from 
nitrobenzene radical anion. Int. J. Mass spectrom. 308, 
239-252 (2011).  

65   Attempts to locate the transition state of hydroxyl 
migration failed. The favorable electrostatic attractive 
interaction between Li cation and hydroxyl group is 
mainly responsible for the facile formation of LiOH 
from INT6 to INT6’. 

 
 
Acknowledgements 
The authors thank Xiaoguang Bao (Soochow University) 
for help of computational study and Dr. Grace B. Panetti 
and Russell Shelp (Penn) for helpful discussions. LJ 
thanks Zhejiang Provincial Natural Science Foundation 
of China (LY20C020003) and National Natural Science 
Foundation of China (31670357). PJW thanks the US 
National Science Foundation (CHE-1902509). 
 
Author contributions 
D.Z., F.Y., H.W. and Y.P. performed the experiments. L.G. 
carried out the calculations. P.J.W. and J.L. conceived the 
study, directed the project and wrote the manuscript with 
the assistance of all of the authors. 
 
Competing interests: The authors declare no competing 
interests. 
 


