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ABSTRACT: Two simple acylnitrenes, 2-furoylnitrene (2) and 

3-furoylnitrene (6), were generated through 266 nm laser 

photolysis of the corresponding azides. Both are magnetically 

bistable in cryogenic matrices, as evidenced by the direct 

observation of the closed-shell singlet state with IR spectroscopy 

in solid Ne, Ar, Kr, Xe, and N2 matrices (3–40 K) and the triplet 

state in toluene (10 K) with EPR spectroscopy (32: |D/hc| = 1.48 

cm–1 and |E/hc| = 0.029 cm–1; 36: |D/hc| = 1.39 cm–1 and |E/hc|c = 

0.039 cm–1). Subsequent visible-light and UV laser irradiations led 

to the formation of furyl isocyanates (3 and 7) and ring-opening 

product 3-cyanoacrolein (9-E and 9-Z), respectively, in which the 

elusive 3-furylnitrene (38) was also identified by IR and EPR 

spectroscopy (|D/hc| = 1.12 cm–1 and |E/hc| = 0.005 cm–1). 

Nitrenes are versatile reactive intermediates in chemical transfor-

mations such as aziridination and C-H amidation reactions.1 

Meanwhile, nitrenes have been broadly used in the functionaliza-

tion of carbon-nanomaterials2 and photoaffinity labeling of bio-

logical systems.3 As the most fundamental property of nitrenes, 

electronic spin state determines the structure and reactivity. Gen-

erally, nitrenes prefer triplet ground state in which the two un-

paired electrons have parallel spins, singly occupying pure px and 

pz orbitals. Whereas, singlet state with antiparallel spin is less 

favorable due to much stronger Coulombic electron-electron re-

pulsion.4 The singlet-triplet energy gaps (∆EST) in nitrenes depend 

strongly on the substituents. For instance, delocalization of un-

paired electron by conjugation in vinylnitrenes5 and arylnitrenes6 

can stabilize the singlet state relative to the triplet ground state 

with reduced ∆EST. 

Stabilization of the singlet state has also been proposed for 

acylnitrenes (RC(O)N),4 which is due to bonding interaction be-

tween the carbonyl oxygen (C=O) and the electron-deficient 

nitrene center (II, III, Scheme 1). This intramolecular interaction 

results in closed-shell singlet state with a cyclic oxazirine-like 

structure (III). Experimentally, ultrafast spectroscopy, matrix-

isolation spectroscopy, and electron paramagnetic resonance spec-

troscopy (EPR) have confirmed singlet ground state (∆EST < 0 

kcal mol–1) for aroylnitrenes such as benzoylnitrene (PhC(O)N)7 

and naphthoylnitrene (2-NpC(O)N),8 the higher-energy triplet 

state (I, Scheme 1) could only be detected as transient species by 

ultrafast spectroscopy. Meanwhile, many acylnitrenes such as 

alkoxynitrenes (RO-C(O)N)9 and carbamoylnitrenes (R2N-

C(O)N)10 adopt triplet multiplicity (∆EST > 0 kcal mol–1). 
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Scheme 1. Structures of acylnitrenes 

Therefore, fundamentally important simple acylnitrenes with al-

most degenerate singlet and triplet states (∆EST ≈ 0 kcal mol–1) 

should be viable candidates for isolation and characterization. 

Very recently, arylcarbenes with small magnitude of ∆EST have 

been observed in their both singlet and triplet states in cryogenic 

matrices.11 It was concluded that the magnetic bistability of car-

benes should be a general phenomenon that solely depends on the 

singlet-triplet gap ∆EST. Continuing our interest in the structure 

and reactivity of α-oxo nitrenes,12 herein, we report the photo-

chemistry of two furoylazides (1 and 5), in which furoylnitrenes 

(2 and 6), featuring as rare magnetically bistable nitrenes, and the 

elusive 3-furylnitrene (8) have been isolated and characterized in 

cryogenic matrices. 
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Scheme 2. Photochemistry of furoylazides. 

Prior to the experimental study, the ∆EST values for furoylnitrenes 

together with HC(O)N13 and PhC(O)N7,8 were calculated (Table 

1). Although the B3LYP/6-311++G(3df,3pd) method is adequate 

for the prediction of IR spectra, it tends to underestimate the sta-

bility of the singlet relative to the triplet for π-conjugated systems 
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 2

due to overemphasis of delocalization.14 In consistent with previ-

ous studies,7,8,13 the CCSD(T)/aug-cc-pVTZ and CBS-QB3 meth-

ods conclusively predict the preference of triplet and singlet state 

for the last two nitrenes, respectively. However, for both furoylnit-

renes the sign of the calculated small ∆EST values varies with the 

computational methods, indicating that the two spin states are 

almost equal in energy. For all four acylnitrenes, single-point 

energy calculations using the complete-active-space second-order 

perturbation theory (CASPT2) predicted preference of the triplet 

state, and the open-shell singlet are significantly higher by more 

than 25 kcal mol–1 (Table S1). 

 

Table 1. Calculated ∆EST (kcal mol
–1

) for acylnitrenes 

species B3LYP[a] CCSD(T)[b] CBS-QB3 CASPT2 

HC(O)N 8.3 2.2 0.7 4.9[d] 

PhC(O)N 4.6 –0.4 –4.7 1.1[e] 

2[c] 6.5 1.2 –1.2 2.6[f] 

6[c] 5.8 0.8 –1.1 2.2[f] 

[a] At the 6-311++G(3df,3pd) basis set. [b] CCSD(T)/aug-cc-

pVTZ//B3LYP/6-311++G(3df,3pd). [c] For the more stable con-

formers of the two states. [d] CASPT2(4,3)/cc-

pVTZ//CASSCF(6,5)/cc-pVTZ. [e] CASPT2(12,11)/cc-

pVTZ//CASSCF(12,11)/cc-pVTZ. [f] CASPT2(12,10)/cc-

pVTZ//CASSCF(12,10)/cc-pVTZ. Positive values refer to the 

triplet being more stable. 

 

The generation of 2-furoylnitrene (2) was performed by 266 nm 

laser photolysis (10 mW, 30 s) of 2-furoylazide (1) in solid Ne 

matrix (3 K). The IR difference spectrum (Figure 1A) shows the 

depletion of the azide (ca. 80%) and the concomitant formation of 

N2 (IR inactive) and the Curtius-rearrangement product 2-

furylisocyanate (3, Table S2), the latter exhibits intense IR band 

for the characteristic NCO asymmetric stretching vibration at 

2278.6 cm–1 with a shift of 12.5 cm–1 upon 15N labeling. Refer-

ence IR spectrum of 3 can be readily obtained since flash pyroly-

sis of 1 at 500 K exclusively furnishes 3 and N2 (Figure S1). 
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Figure 1. A) IR difference spectrum showing the decomposition 

of 1 (bands pointing downward) in Ne matrix (3 K) upon a 266 

nm laser irradiation; B) IR difference spectrum (5 times expanded 

along the ∆A axis) showing rearrangement of 2 to 3 upon subse-

quent visible light irradiation (440±20 nm), bands of impurity 

H2O (*) are marked; C-D) B3LYP/6-311++G(3df,3pd) calculated 

IR spectra (unscaled harmonic frequencies) of anti-12 and syn-32, 

respectively. 

Several new IR bands appeared at around 1760 cm–1, and the cor-

responding carrier can be completely depleted by blue light irradi-

ation (440±20 nm, 40 min), as a result 3 and traces of the azide 

precursor 1 were formed (Figure 1B). To aid the assignment, IR 

frequency calculations (B3LYP/6-311++G(3df,3pd)) of the most 

likely candidate 2-furoylnitrene (2) were performed. The band 

centered at 1752.3 cm–1 coincides with the calculation of 1818 

cm–1 for the singlet nitrene (Figure 1C) in a more favorable anti 

conformation (syn conformer: 1807 cm–1, Table S3). The frequen-

cy is very close to the most characteristic C=N stretching vibra-

tions found in other oxazirine-like singlet aroylnitrenes such as 

PhC(O)N (1760 cm–1 in CD3CN)7a-b and 2-NpC(O)N (1737 cm–1 

in CCl4).
8 The assignment is supported by the observation of an 

isotopic shift of 8.5 cm–1 upon 15N-labeling (Figure S2). Interest-

ingly, there are several weaker bands in the range of 1800–1730 

cm–1, all of which exhibit same photobehavior and also same 15N 

isotopic shift. These bands appear with minor shifts (< 10 cm–1) 

and slightly changed intensities in independent experiments where 

N2 was used as the matrix gas at 15 K (Figure S3). Hence, they 

also belong to the nitrene 12, and the splittings might be caused by 

weak interaction with the surrounding molecules in same matrix 

cages (matrix site effect).15 

The selective depletion of 12 allows unambiguous identification of 

the remaining IR bands and 15N isotopic shifts (Table S3). No 

distinguishable IR band could be found for triplet 2-furoylnitrene, 

especially for the most characteristic C=O stretching vibrations 

which were predicted at 1603 (anti) and 1611 cm–1 (syn) with 

large IR intensities (anti: 127 km mol–1; syn: 201 km mol–1). Typ-

ically, matrix-isolated triplet acylnitrenes like CH3OC(O)N (syn: 

1645.8 cm–1; anti: 1602.8 cm–1)9b and H2NC(O)N (1644.4 cm–1)10 

display intense bands for this IR fundamental. 

The generation of singlet 3-furoylnitrene (16) through 266 nm 

laser photolysis of 3-furoylazide (5) was also observed (Figure 

2A).  
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Figure 2. A) IR difference spectrum showing the decomposition 

of 5 (bands pointing downward) in Ne matrix (3 K) upon a 266 

nm laser irradiation; B) IR difference spectrum (5 times expanded 

along the ∆A axis) showing rearrangement of 6 to 7 upon subse-

quent UV light irradiation (365 nm); C-D) B3LYP/6-

311++G(3df,3pd) calculated IR spectra (unscaled harmonic fre-

quencies) of anti-16 and syn-36, respectively. 

 

As can be seen in Figure 2B, 16 exhibits IR bands at 1786.0 and 

1764.2 cm–1 for the C=N stretching vibration (1781.3 and 1762.3 

cm–1 in N2-matrix, Figure S4), and the corresponding 15N isotopic 

shifts are 10.1 and 8.2 cm–1 (Figure S5), respectively. The remain-
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 3

ing bands (> 600 cm–1) show good agreement with the calcula-

tions for the nitrene in the singlet state (Figure 2C). Subsequent 

UV light (365 nm) irradiation leads to the expected rearrangement 

to isocyanate 7. In order to convert the singlet furoylnitrenes to the 

triplet state, attempts were made by warming the matrices (N2-

matrix to 25 K and Kr-matrix to 40 K, Figures S6-S7), doping the 

matrix with 1% water (Figures S8-S9) or carbon monoxide (Fig-

ures S10), or irradiating with longer-wavelength light sources 

(570 and 830 nm), however, only the rearrangement occurred in 

the case of irradiations. 

Given the possibility that the absence of distinguishable IR bands 

for triplet furoylnitrenes might be due to low abundances in cryo-

genic matrices, the photochemistry (266 nm) of 2-furoylazide in 

solid Ar (10 K) was followed by EPR spectroscopy. No EPR sig-

nals for triplet species were observed. However, when the photol-

ysis was performed in polar solvent toluene (10 K), typical EPR 

signals for triplet nitrenes appeared after 2 min of irradiation (Fig-

ure 3). These signals are persistent at 10 K in the dark at least for 

11 hours but disappear when warming the matrix to 50 K (Figure 

S11), however, subsequent recooling the matrix to 10 K could not 

recover the signals. Two sets of zero-field splitting (zfs) parame-

ters |D/hc| = 1.48 cm–1 and |E/hc| = 0.029 cm–1 and |D/hc| = 1.39 

cm–1 and |E/hc| = 0.039 cm–1 are close to those of acylnitrenes like 

CH3OC(O)N (|D/hc| = 1.66 cm–1 and |E/hc| = 0.020 cm–1)9b and 

H2NC(O)N (|D/hc| = 1.59 cm–1 and |E/hc| = 0.018 cm–1),16 demon-

strating the presence of triplet furoylnitrene nitrenes. The ob-

served D values agree with the predictions (syn-32: 1.40 cm–1, syn-
36: 1.40 cm–1) by the empirical linear correlation (D = 1.96673ρ – 

2.0557 cm–1) with the calculated natural spin densities ρ (syn-32: 

1.756, syn-36: 1.755, B3LYP/EPRIII).1a,17 

5000 6000 7000 8000 9000 10000

-3

-2

-1

0

1

2

3

B)

A)

8 8

6

6

2
2

Magnetic Field (G)

In
te
n
s
it
y

 

Figure 3. A) EPR spectrum (ν0 = 9.3963 GHz) showing genera-

tion of 32 (zfs parameters: |D/hc| = 1.48 cm–1 and |E/hc| = 0.029 

cm–1) during the photolysis (266 nm, 10 min) of 1 in solid toluene 

at 10 K; B) EPR spectrum (ν0 = 9.3989 GHz) showing the genera-

tion of 36 (|D/hc| = 1.39 cm–1 and |E/hc| = 0.039 cm–1) and 38 

(|D/hc| = 1.12 cm–1 and |E/hc| = 0.005 cm–1) during the photolysis 

(266 nm, 5 min) of 5 in solid toluene at 10 K. 

 

Additionally, a second triplet nitrene signal appeared during the 

photolysis of 5. The parameters |D/hc| = 1.12 cm–1 and |E/hc| = 

0.005 cm–1 imply the presence of an arylnitrene, for which usually 

small zfs parameters were observed, such as phenylnitrene (|D/hc| 

= 0.9896 cm–1 and |E/hc| = 0.00 cm–1)18 and 2-pyrimidinylnitrene 

(|D/hc| = 1.217 cm–1 and |E/hc| = 0.0052 cm–1).19 Considering the 

frequently observed CO-elimination in covalent isocyanates,9b,10 

this signal is very likely to be associated with 3-furylnitrene (38), 

formed from CO-elimination in 7. Instead, 2-furylnitrene (4) was 

not observed in the laser photolysis of 2-furoylazide (1). The ob-

servation is consistent with the theoretical prediction that the op-

timization of 4 in the initially generated singlet state led directly to 

the ring-opened cyanoacrolein (9, Figure S12).20 

To verify the formation of 38, a Ne-matrix mainly containing 7 

was irradiated with an ArF excimer laser (193 nm). The resulting 

IR difference spectrum (Figure 4A) reflects the formation of CO 

and new species with several weak IR bands, which can be distin-

guished by subsequent purple light irradiation (400±20 nm), under 

which 9 forms at the expense of 38 (Figure 4B). The assignment 

was affirmed by comparing with the calculated spectrum of 8 

(Figure 4C) and also the 15N-labeling experiment (Figure S13). In 

line with the observation with EPR spectroscopy, only 9 was ob-

served by IR spectroscopy when 3 was subjected to the UV laser 

irradiation. Furthermore, the visible light (400±20 nm) induced 

Z→E conformational conversion in 9 was observed (Figure S14). 

The ring-opening of furylnitrenes (Figure S12) resembles the re-

cently disclosed photochemistry of the putative isoelectronic fu-

rylcarbenes,21 which were proposed as the intermediates in the 

photolysis of furyldiazomethanes.  
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Figure 4. A) IR difference spectrum showing the decomposition 

of 5 and 7 in Ne matrix (3 K) upon 193 nm laser irradiation; B) IR 

difference spectrum (20 times expanded along the ∆A axis) show-

ing the rearrangement of 38 to 9 in Z and E conformations upon 

subsequent purple light irradiation (400±20 nm); C-D) B3LYP/6-

311++G(3df,3pd) calculated IR spectra (unscaled harmonic fre-

quencies) of triplet and singlet 8, respectively. 

 

In conclusion, two novel furoylnitrenes (2 and 6) have been gen-

erated from 266 nm laser photolysis of the corresponding azide 

precursors. In consistent with the theoretically predicted small 

singlet-triplet energy gaps (∆EST ≈ 0 kcal mol–1), subsequent char-

acterization by IR and EPR spectroscopy demonstrates that both 

nitrenes exist as persistent species in the closed-shell singlet and 

triplet states in cryogenic matrices. Upon near-visible light irradia-

tions, furoylnitrenes rearrange to furylisocyanates, which further 

dissociate into CO and 3-cyanoacrolein via the intermediacy of 

intriguing furylnitrenes. No evidence for the thermally initiated 

switch of spin state in furoylnitrenes was obtained. The reason 

might be due to intrinsic barriers (9–10 kcal mol–1, B3LYP/6-

311++G(3df,3pd)) associated with the structural changes (Figures 

S15-S24) in the course of intersystem crossing (ISC), which could 

hardly be reached by warming the matrix in the available tempera-

ture range (up to 40 K). More importantly, these barriers are close 

to those (10–11 kcal mol–1) for the rearrangement of the singlet 

furoylnitrenes to the isocyanates, which is thermodynamically 

much more favorable due to the concomitant release of large 

amount of energy (>70 kcal mol–1). Work in our group is ongoing 

to replace the furyl group with other aryl substituents, in the hope 
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of discovering heteroaroylnitrenes with thermally and/or photolyt-

ically switchable spin states in cryogenic matrices. 
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Figure 1. A) IR difference spectrum showing the decomposition of 1 (bands pointing downward) in Ne matrix 
(3 K) upon a 266 nm laser irradiation; B) IR difference spectrum (5 times expanded along the ∆A axis) 

showing rearrangement of 2 to 3 upon subsequent visible light irradiation (440±20 nm), bands of impurity 
H2O (*) are marked; C-D) B3LYP/6-311++G(3df,3pd) calculated IR spectra (unscaled harmonic 

frequencies) of anti-12 and syn-32, respectively.  
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Figure 2. A) IR difference spectrum showing the decomposition of 5 (bands pointing downward) in Ne matrix 
(3 K) upon a 266 nm laser irradiation; B) IR difference spectrum (5 times expanded along the ∆A axis) 

showing rearrangement of 6 to 7 upon subsequent UV light irradiation (365 nm); C-D) B3LYP/6-

311++G(3df,3pd) calculated IR spectra (unscaled harmonic frequencies) of anti-16 and syn-36, 
respectively.  
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Figure 3. A) EPR spectrum (v0 = 9.3963 GHz) showing generation of 32 (zfs parameters: |D/hc| = 1.48 cm–
1 and |E/hc| = 0.029 cm–1) during the photolysis (266 nm, 10 min) of 1 in solid toluene at 10 K; B) EPR 

spectrum (v0 = 9.3989 GHz) showing the generation of 36 (|D/hc| = 1.39 cm–1 and |E/hc| = 0.039 cm–1) 

and 38 (|D/hc| = 1.12 cm–1 and |E/hc| = 0.005 cm–1) during the photolysis (266 nm, 5 min) of 5 in solid 
toluene at 10 K.  

 
260x199mm (300 x 300 DPI)  

 

 

Page 8 of 12

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 4. A) IR difference spectrum showing the decomposition of 5 and 7 in Ne matrix (3 K) upon 193 nm 
laser irradiation; B) IR difference spectrum (20 times expanded along the ∆A axis) showing the 

rearrangement of 38 to 9 in Z and E conformations upon subsequent purple light irradiation (400±20 nm); 

C-D) B3LYP/6-311++G(3df,3pd) calculated IR spectra (unscaled harmonic frequencies) of triplet and singlet 
8, respectively.  
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Scheme 1. Structures of acylnitrenes  
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Scheme 2. Photochemistry of furoylazides.  
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