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ARTICLE INFO ABSTRACT

Keywords: Despite their versatile synthetic utility, vinyl azides have complex and poorly understood photochemistry. To

anyl ‘fZlde address this, we investigated the photoreactivity of 1-azidostyrene 1 and 3-phenyl-2H-azirine 2 in solution and

meh_‘“r_e“e cryogenic matrices. In argon matrices, irradiation of 1 at 254 nm yielded 2, phenyl nitrile ylide 3, and N-phenyl
etenimine

ketenimine 4, whereas irradiation at wavelengths above 300 nm produced only 2 and 4. Similarly, irradiation of
1 in 2-methyltetrahydrofuran (mTHF) glass at 77 K mainly yielded absorption corresponding to the formation of
2 (Mmax ~ 252 nm). In contrast, irradiation of 2 at wavelengths above 300 nm in Argon matrices yielded no
photoproducts, whereas irradiation at 254 nm resulted in the formation of 3. Furthermore, femto- and nano-
second transient absorption and laser flash photolysis were performed to ascertain the transient species and
reactive intermediates formed during the photochemical transformations of 1 and 2. The ultrafast transient
absorption spectroscopy of 1 resulted in a transient absorption band centered at ca. 472 nm with a time constant
T ~ 22 ps, which was assigned to the first singlet excited state (S;) of 1. The nano-second flash photolysis of 1
(308 nm laser) generated 2 within the laser pulse (~17 ns), and subsequently 2 is excited to yield triplet
vinylnitrene 1N with an absorption centered at ~ 440 nm. In contrast, the nano-second laser flash photolysis
of 2 with 266 nm laser produced a weak absorption corresponding to 3, whereas 308 nm laser yielded absorption
due to triplet vinylnitrene 31N (Amax ~ 440 nm). These findings demonstrate that the direct irradiation of 1
populates S; of 1, which does not intersystem cross to form 1N, but instead decays to yield 2. Density functional
theory calculations supported the characteristics of the excited states and reactive intermediates formed upon
irradiation of 1 and 2.

Argon matrix
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Laser flash photolysis

Ultrafast transient absorption spectroscopy

can react in a concerted manner from a hot excited state or by forming
singlet or triplet vinylnitrene intermediates [10].
It is documented that triplet vinylnitrenes can be formed photo-

1. Introduction

Vinyl azides are versatile building blocks in organic synthesis and

their ability to undergo 1,3-cycloaddition has been extensively used to
synthesize diverse N-heterocycles [1-4]. Furthermore, the drive for
more sustainable synthesis of valuable chemicals has led to light being
used as a traceless/massless reagent to transform vinyl azide derivatives
into heterocyclic compounds with varying degrees of structural
complexity [5-7]. Furthermore, the photochemistry of azides has
inspired interest in photoclick reactions to afford triazole scaffolds [8,9].
However, the photochemical transformations of vinyl azides are com-
plex and not well understood. Upon excitation, vinyl azide derivatives

chemically from vinyl azide, azirine, or isoxazole derivatives [11]. For
example, the irradiation of azirine derivatives with short-wavelength
light causes C-C bond breakage, resulting in the formation of the cor-
responding ylides. In contrast, irradiation at longer wavelengths can
induce C-N bond cleavage to form a triplet vinylnitrene, especially in
azirines with a built-in triplet sensitizer. Similarly, the irradiation of
vinyl azides with a built-in triplet sensitizer leads to triplet vinylnitrene
formation [12]. However, the direct irradiation of vinyl azides yields the
corresponding azirines, presumably through a concerted reaction from
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Scheme 1. Products formed by irradiating noncyclic vinyl azides and azirines

in argon matrices [10,19,16].
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Scheme 2. Products formed by irradiation of cyclic vinyl azides in argon
matrices [26].
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Scheme 3. Products formed upon irradiation of 1 in acetonitrile-d; using a 455
+ 10 nm LED and 2 in chloroform-d using IK3202R-D laser (325 nm) through a
Pyrex filter.

the singlet excited state or through vinylnitrene formation [10,13,14].
Products analysis does not aid in elucidating the photoreaction mecha-
nism of vinyl azides and azirines because azirine products can poten-
tially be formed from both singlet or triplet excited states and singlet or

Saed

Journal of Photochemistry & Photobiology, A: Chemistry 467 (2025) 116427

triplet vinylnitrenes.

Triplet vinylnitrenes have been directly detected in solution using
laser flash photolysis [15,12,16-19]. These intermediates are generally
short-lived, decaying predominantly via intersystem crossing to form
the corresponding azirines. This behavior contrasts with that of other
triplet nitrenes stabilized by electron-donating substituents, such as
alkyl- and arylnitrenes, which are typically long-lived in solution and
decay by dimerization to form azo dimers [20-22]. In contrast, singlet
vinylnitrenes have not yet been detected, although multiconfigurational
calculations indicate that they are stable intermediates, with the open-
shell singlet being more stable than the closed-shell singlet [23-25].
Notably, these calculations also suggest that triplet vinylnitrenes are
more stable than their singlet configurations.

Although obtaining electron spin resonance and infrared (IR) spectra
in cryogenic matrices is the most accurate method for identifying triplet
vinylnitrenes, these intermediates are generally not stable under these
conditions, which hinders characterization. For example, as shown in
Scheme 1, upon irradiation in cryogenic matrices, simple noncyclic
vinyl azides or azirines do not yield triplet vinylnitrenes, presumably
because the vinylnitrene undergoing intersystem crossing to form the
corresponding ketenimine or azirine [10,19,16].

Vinyl azides that are part of a cyclic structure can yield triplet
vinylnitrenes that are stable at cryogenic temperatures (Scheme 2)
[17,18,26]. The cyclic structure has been theorized to prevent rotation
of the vinylnitrene moiety around the vinylic C=C bond, thereby hin-
dering intersystem crossing and the formation of stable ground-state
photoproducts [18].

In cryogenic matrices, cyclic vinylnitrenes are formed concurrently
with ketenimine products [26]. Thus, vinylnitrenes are not precursors to
the ketenimine derivatives. Instead, the ketenimines likely form directly
from the excited state of the vinyl azides. Additionally, the conversion of
triplet vinylnitrenes to the corresponding ketenimines can occur upon
further irradiation or photochemically [17,26].

Pimentel and co-workers have shown that the direct irradiation of 1-
azidostyrene (1) in cryogenic matrices does not yield the corresponding
triplet vinylnitrene *1N, but rather 3-phenyl-2H-azirine 2 and N-phenyl
ketenimine 4 as well as phenyl nitrile ylide 3 via secondary irradiation of
2 [27]. We theorized that an excited state of 1 forms 2 in a concerted
manner, but it remains unclear whether 4 is formed from an excited state
of 1 or via intersystem crossing of >1N. Thus, to clarify the mechanism of
photoproduct formation, we investigated the photoreactivity of 1 in
cryogenic matrices and acetonitrile. Specifically, we used ultrafast
transient absorption spectroscopy to determine the fate of the first
singlet excited state (S1) of 1 and attempted to detect the formation of
singlet vinylnitrene 1N. To aid in understanding the photoreactivity of
1, we also investigated the photochemistry of 2 in cryogenic matrices
and solution. Density functional theory (DFT) calculations (B3LYP/
6-31 + G(d) and B3PW91/6-311 + G(d,p)) were used to support the
characterization of the excited states and intermediates observed upon
excitation of 1 and 2 as well as the proposed reactions mechanisms.
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Scheme 4. Formation of 5 via 3 upon irradiation of 2 in chloroform-d through Pyrex.
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Scheme 5. Proposed mechanism for photoproduct formation upon irradiating 1 and 2 in acetonitrile and cryogenic matrices.
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Fig. 1. A) Difference IR spectra were obtained by irradiating 1 in an Argon

matrix at 14 K with a 325 nm laser for 45 and 135 min. B) IR spectrum of 2

calculated at the B3LYP level of theory with the 6-31+G(d) basis set and
scaling by 0.9603.

2. Materials and methods
2.1. Preparation of compounds

2.1.1. Synthesis of azide 1
Azide 1 was synthesized according to a previously described
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Fig. 2. A) Difference IR spectra obtained by irradiating 1 in an Argon matrix at
14 K with a 325 nm laser for 135 min. B) IR spectrum of 4 calculated at the
B3LYP level of theory with the 6-31+G(d) basis set and scaling by 0.9603.

procedure [28-30]. 1,2-Dibromoethylbenzene (1.512 g, 5.73 mmol) was
dissolved in dimethylformamide (15 mL); then, NaN;3 (1.11 g, 17.16
mmol) was added and the mixture was stirred overnight at room tem-
perature. After reaction, the solution was diluted with distilled water
(35 mL), and the organic material was extracted with diethyl ether (2 x
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Fig. 3. A) Difference IR spectra (2070-1720 cm ™) obtained by irradiating 1 in an Argon matrix at 14 K with a 325 nm laser for 135 min followed by a 254 nm UV
pen for 30 min. B) IR spectra of 2, 3, and 4 calculated at the B3LYP level of theory with the 6-31+G(d) basis set and scaling by 0.9603.

35 mL). The combined organic fraction was washed with distilled water
(3 x 25 mL) and dried over anh. MgSOj4. Following solvent evaporation
under vacuum, the crude residue was purified using flash column
chromatography over silica gel using a solvent system of hexanes:EtOAc
(99:1 v/v) to obtain the expected azide 1 (594 mg, 4.09 mmol, 71 %
yield). Azide 1 was further characterized using NMR and FTIR spec-
troscopy; the obtained spectra were consistent with reported data
[28,30,29].

'H NMR (400 MHz, CDCl3): 57.56 (dd, J = 6.6, 2.8 Hz, 2H), 7.36 (dd,
J =5.3, 1.8 Hz, 3H), 5.43 (d, J = 2.4 Hz, 1H), 4.96 (d, J = 2.4 Hz, 1H)
ppm. 13C NMR (101 MHz, CDClg): 6 145.0, 134.3,129.1, 128.5, 125.57,
98.01ppm. FTIR (neat): 2108, 1636, 1260, 1019, 930, 798, 747, 692
cm™ .

2.1.2. Synthesis of azirine 2

Following a literature procedure [4], 2 was synthesized by photo-
lyzing 1. Azide 1 (40.7 mg, 0.35 mmol) was dissolved in acetonitrile-ds
(1.00 mL) in a Pyrex NMR tube. After sealing the tube with a rubber
septum, the reaction solution was slowly purged with Argon for 20 min.
Subsequently, the solution was irradiated with a blue LED light (455
nm) for 4 days [4]. 'H NMR and FTIR spectroscopy revealed quantitative
formation of azirine 2 (46.8 mg, 0.32 mmol, 91 % yield); the obtained

spectra corresponded well with reported data [29,28].

'H NMR (400 MHz, CDCls): 5 7.93-7.90 (m, 2H), 7.62-7.54 (m, 3H),
1.80 (s, 2H) ppm. FTIR (neat): 2917, 2849, 1737, 1678, 1447, 1240,
1003, 757, 694 cm ™.

2.1.3. Photolysis of azirine 2

Azirine 2 (2 mg, 0.017 mmol) was dissolved in CDCl3 (0.6 mL) in a
NMR tube. The reaction solution was purged with Argon for 8 min, and
the tube was sealed with a rubber septum. The tube/solution was irra-
diated using a mercury arc lamp housed in Pyrex cooling jacket for 135
min. The photoreaction of 2 was monitored using 'H NMR spectroscopy,
which showed the formation of the expected 4,5-diphenyl-1,3-diazabi-
cyclo[3.1.0]hex-3-ene 5 [31].

'H NMR (400 MHz, CDCls): 5 7.71-7.69 (m, 2H), 7.40-7.27 (m, 8H),
5.23 (d, 1H) 4.94 (d, 1H) 3.01 (s, 1H) 1.82 (s, 1H) ppm. >C NMR (101
MHz, CDCl3): & 172.2, 136.2, 132.0, 130.8, 129.2, 128.92, 128.86,
128.44, 128.31, 84.8, 60.1, 39.3 ppm. FTIR(neat): 3358, 2924, 1610,
1330, 996, 691, 554 cm™!. GCMS (ED): 234 h), 233 (100).

2.1.4. Preparative photolysis to form 5
Azide 1 (27 mg, 0.19 mmol) was dissolved in benzene (30 mL) in a
Pyrex flask. The reaction solution was purged with Argon for 10 min,
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Fig. 4. A) Difference IR spectra (1950-1700 cm ') obtained by irradiating 2 in an argon matrix at 14 K with a 325 nm laser for 60 min followed by a 254 nm UV pen
for 30 min. B) IR spectra of 2 and 3 calculated using the B3LYP level of theory with the 6-31+G(d) basis set and scaling by 0.9603.

and the flask was sealed with a rubber septum. The reaction flask was
irradiated using a mercury arc lamp housed in Pyrex cooling jacket for
10 h. The photoreaction of 1 was monitored using 'HNMR spectroscopy,
which showed the formation of the expected 4,5-diphenyl-1,3-diazabi-
cyclo[3.1.0]hex-3-ene 5 and only traces remaining 1 or 2. The crude
reaction mixture (20 mg, 0.085 mmol, 90 % yield) was purified using
silica gel column chromatography to yield 5 (11 mg, 0.047 mmol, 50 %
yield).

2.2. Uv-vis spectroscopy in glassy 2-methyltetrahydrofuran (mTHF)
matrices

The photoreactivity of azide 1 in mTHF glass at 77 K was investi-
gated using UV-vis absorption spectroscopy instrument equipped with a
temperature-controlled cryostat as described previsouly.[32] A solution
of azide 1 (5 uL) in anhydrous mTHF was prepared so that the maximum
absorbance was less than 1.0. The sample (2 mL) was transferred into a
temperature-resistant 10 mm x 10 mm quartz cuvette, which was then
inserted into the sample holder. After the outer and inner chambers were
vacuum-sealed, liquid nitrogen was poured into the cryostat to achieve
an interior temperature of 77 K that froze the sample solution into a
glassy matrix. The absorption spectrum of 1 in the mTHF glass was
recorded over specific time periods while the matrix was irradiated
using a Xe lamp (quartz), with and without a Pyrex filter (ca. 300 nm
cutoff).

2.3. IR spectroscopy in argon matrices

Matrix isolation of 1 or 2 was performed using a conventional argon
matrix isolation setup [33]. Argon was deposited at 14 K on a cold CsI
window. Azide 1 was sublimed at 313 K and deposited with an argon
flow at 14 K for 2 h under vacuum. For azirine 2, a deposition time of 3 h

was used to obtain a better spectrum. The matrix was irradiated with an
IK3202R-D laser (325 nm) or Hg-UV pen (254 nm).

2.4. Laser flash photolysis

Laser flash photolysis was performed using a Nd:YAG laser (266 or
354 nm, 2-3 ns) or excimer laser (308 nm, ~ 17 ns) connected to a laser
flash photolysis system (LP980, Edinburgh Instruments, Inc.), which has
been previously described [34]. Kinetic traces were recorded in Argon-,
air-, and oxygen-saturated solution, whereas transient absorbance
spectra were only recorded in Argon-saturated acetonitrile. Data anal-
ysis was performed using Igor Pro 8 software. Stock solutions of 1 and 2
were prepared in acetonitrile so that the absorption at 266 or 308 nm
was between 0.2 and 0.8.

2.5. Femtosecond and nanosecond transient absorption spectroscopy

Transient absorption spectroscopy was carried out using an inte-
grated Helios and EOS experimental apparatus (Ultrafast Systems) with
an ytterbium femtosecond laser (Hyperion; fundamental: 1030 nm,
pulse duration: ~290 fs, repetition rate: 2.14 kHz (femtosecond exper-
iments) or 1.0 kHz (nanosecond experiments)). The pump beam was
generated using a three-stage optical parametric amplifier (Apollo-Y)
with a pulse duration of 100-400 fs. The femtosecond broadband probe
between 360 and 500 nm was generated using the second harmonic of
the laser at 515 nm in a thin sapphire plate. A second broadband probe
between 500 and 910 nm was generated using the laser fundamental in a
1 cm sapphire plate. Probe beams were directed through a Smart Delay
Line to scan the time domain with a delay window of ~ 7.5 ns and a
minimum step size of ~ 3 fs. The nanosecond probe was generated using
a separate supercontinuum laser (MOPA-based; pulse duration: ~0.75
ns). The pump-probe delay was generated electronically in the
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Fig. 5. A) Difference absorption spectra obtained by irradiating 1 in mTHF at 77 K with a Xe lamp without a quartz filter as a function of time. B) Difference
absorption spectra obtained by irradiating 1 in mTHF at 77 K with a Xe lamp through a Pyrex filter for 160 min followed by irradiation through a quartz filter. C) TD-
DFT (B3LYP/6-31+G(d)/CPCM/THF)-calculated electronic transitions for 2, 3, and 4.
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Fig. 6. A) Transient absorption spectra obtained by laser flash photolysis of 1 in argon-saturated acetonitrile at 308 nm. B) TD-DFT (B3LYP/6-31+G(d)/CPCM/

acetonitrile)-calculated absorption spectrum of *1N.

nanosecond transient absorption experiments. All probes were split into
two separate beams, one of which was directed onto the reference de-
tector and the other through the sample compartment onto the signal
detector. All samples were pumped with < 85 nJ at 470 nm. The samples
were prepared in dichloromethane so that the optical density at 470 nm
was 0.4-0.6 in a quartz cuvette with a 2 mm path length. Each solution
was degassed using at least three freeze-pump-thaw cycles.

2.6. EPR spectroscopy

Frozen X-band EPR spectra were recorded at 5 K on a Bruker EMX
EPR spectrometer with an ER-4116DM dual-mode resonator and an
Oxford ESR900 flow cryostat, as described before.[35] mTHF solution of
1 (5 mM) and 2 (5 mM) were placed in a Wilmad Low Pressure/Vacuum
Suprasil EPR tube and the sample was degassed by using the freeze-
—pump-thaw method. The solution formed a glassy matrix at 5 K in the
EPR instrument. Calibration was performed at 9.390620 GHz, and the
sample of 1 was irradiated with a 325 nm LED light for 45 min followed
by 254 nm UV pen for 15 min, and sample of 2 was irradiated with 254
nm UV pen for 40 min.

2.7. Calculations

Geometry optimization was performed at the B3LYP/6-31+G(d) and
B3PW91/6-311+G(d,p) levels of theory, as implemented in the
Gaussian16 program [36-39]. The transition states were confirmed to
have one imaginary vibrational frequency, and intrinsic reaction coor-
dinate calculations were used to verify that the transition states corre-
sponded to the expected reactant and product [10]. To obtain the
calculated absorption spectra for triplet excited states and reactive in-
termediates, time-dependent density functional theory (TD-DFT) cal-
culations were conducted at the same levels of theory with the same
basis sets [34]. The B3LYP/6-31+G(d)-calculated IR bands were scaled
by 0.9601 [40].

3. Results and discussion
3.1. Product studies

Irradiation of 1 in acetonitrile-d3 with a 455 + 10 nm LED resulted in
the quantitative formation of 2, as determined using 'H NMR
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Fig. 7. Nano-second transient (ns-TA) absorption spectra obtained by laser flash photolysis of 2 in argon-saturated acetonitrile at 308 nm.

0.005 —

Absorbance

-0.001 -
420 440

460 480 500

Wavelength (nm)

Fig. 8. Absorption spectra obtained by femto-second transient absorption spectroscopy of 1 in argon-saturated acetonitrile.

spectroscopy (Scheme 3). Irradiation of 2 in chloroform-d through a
Pyrex filter did not yield any products (Scheme 3), whereas irradiation
with a 254 nm UV pen depleted 2 and yielded the diaza-bicyclic product
5 (Scheme 4). For clarification, the absorption spectra of 1 and 2 are
displayed in the SI (Figs. S1-S2).

The results from the present photochemical experiments are in
agreement with the results of Padwa et al. [31,4], who first proposed
that ylide 3 is formed from the S; of 1 and that heterocycle 5 is formed
via a 1,3-dipolar addition between 3 and 2 [31]. However, these product
studies do not establish whether the photoexcitation of 1 or 2 generates
the corresponding singlet or triplet vinylnitrene (1N or *1N) or whether
the photoreactivity occurs on the singlet or triplet surface.

In the current investigation, we theorized that the photoexcitation of
1 leads to the formation of a hot singlet state (S;) of 1, which decays to
yield 2 and 4 in a concerted manner. However, we cannot rule out S; of 1

yielding 1N, which will subsequently form products 2 and 4 (Scheme
5). Furthermore, we expected that the S; of 1 may intersystem cross to
the first triplet excited state (T1) of 1 to yield 1N, which can potentially
decay to form 2 and 4. With the above postulation, we wanted to
determine whether irradiation of 2 at longer wavelengths results in the
formation of *1N.

3.2. Irradiation of 1 and 2 in argon matrices

We investigated whether the excitation of 1 and 2 yield the same
product(s) in cryogenic argon matrices and if the different products
would form depending on the irradiation wavelength. Azide 1 deposited
in an argon matrix was first irradiated with a 325 nm laser then with a
254 nm UV pen. Matrix irradiation resulted in significant depletion of
the IR bands of azide 1 at 2140, 2114, 1499, 1316, 1302, 1077, 910,
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Fig. 9. Optimized (B3PW91/6-311+G(d,p)/CPCM/acetonitrile) structures of 1, T; of 1, Ty of 1, 31N, 1N, 2, T; of 2, 3, and 4. The calculated spin densities are
shown in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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829, 770, 698, 656, and 606 cm ! (Fig. S3) and the concurrent forma-
tion of new bands (See SI, Fig. S3). Specifically, significant new bands
appeared at ~ 1755, 1752, 992, 762, 693, and 691 cm ! after 45 min of
irradiation at 325 nm (Fig. 1A and S4). These bands were assigned to
product 2 by comparison to its observed and calculated (B3LYP/6-31 +
G(d)) IR spectra (Fig. 1B). The broadness of the bands at ~ 1755, 1752,
and 992 cm™! is likely due to matrix splitting. As argon atoms freeze
around the trapped molecule of interest, there may be multiple local
minima for the arrangement of the argon atoms packed around the
trapped species. Each local minimum will interact slightly differently
with the trapped molecule, leading to slightly different infrared spectral
bands. These are known as site split bands. The calculated and scaled
bands for 2 are located at 1748 (107 x 10~* esu® cmz), 980 (152), 744
(243), 675 (70), and 671 (201) em™ L. In addition, weak bands were
observed at 2053 and 2032 cm ™! (Fig. 2A), which were assigned to 4 by
comparison to its reported spectrum in an argon matrix, which has
major bands at 2050, 2030, 1597, 1494, and 763 cm™ Y, and its calcu-
lated and scaled IR spectrum (Fig. 2B) [27]. It should be noted that a
small amount of 2 formed upon deposition of 1 in the matrix, but these
bands grew further following irradiation.

Further irradiation of the matrix with the 254 nm UV pen yielded
new bands at 2053, 2033, 1928, 1905, 1892, 1457, 1449, 1269, 1115,
1073, 788, 682, 688, and 605 cm ! (Fig. 3A and S5-8). The bands at
2053 and 2033 cm ™! were assigned to 4, whereas those at 1928, 1905,
1892, 1457, 1449, 1269, 1115, 1073, 788, 682, 688, and 605 cm ! were
assigned to 3. These assignments are in agreement with previously
published IR spectra of 3 and 4 in argon matrices and are further sup-
ported by comparison to their calculated and scaled spectra (Fig. 3B and
Figs. S4-S9) [27]. It should be noted that the intensity of bands corre-
sponding to 2 grew further upon continued irradiation at 254 nm.

To verify that products 4 and 2 were generated from azide 1 and that
product 3 can be obtained from 2, we irradiated 2 in an Argon matrix.
Azirine 2 deposited in an Argon matrix at 14 K was irradiated with a 325
nm laser for 1 h, but no new IR bands were formed. Subsequent irradi-
ation with a 254 nm UV pen for 30 min resulted in significant depletion
of the IR bands of azirine 2 at 1752, 1457, 1328, 988, 760, 690, and 534
em™! (Fig. 4 and Fig. $9). Concurrently, new bands formed at 1925,
1900, 1885, 1580, 1495, 1114, 1073, 782, 770, 693, 678, 668, 619, and
602 cm’l, which were assigned to 3 [4,5]. The bands at ~ 1900, 1885,
and 1880 cm™! were attributed to matrix splitting. Further irradiation
resulted in complete depletion of the IR bands of 2 and an increase in the
intensity of the IR bands of 3.

Further, the irradiation of 2 at 325 nm in Argon matrices does not
yield any new photoproducts, whereas irradiation at shorter wave-
lengths gives 3. In contrast, irradiation of 1 at 325 nm results in 2 and 4
as the major and minor products, respectively, whereas irradiation at
254 nm yields 2, 3, and 4. Because 4 is not formed upon irradiation of 2
at 254 nm, we conclude that 4 is only formed from azide 1 (Scheme 5).
We also attempted to identify the IR bands that correspond to 1N (see
Fig. $10, 1437 (48 x 10~%° esu® cm?), 1213 (79), and 739 (403) cm™ 1),
but could not unambiguously assign any major bands to its formation.

3.3. UV absorption in cryogenic matrices

To further confirm that photochemical transformation of 1 can result
in the formation of 2, we irradiated 1 in glassy mTHF at 77 K. The
differentiated or time-resolved absorption spectra were obtained by
subtracting the spectra of the irradiated matrix from that of the initial
sample of 1 (Fig. 5A and 5B). Irradiation of 1 with a Xe lamp through a
quartz filter produced a new absorption band centered at 252 nm
(Fig. S11). We assigned this band to product 2 by comparison to its
published UV spectrum [41] and TD-DFT (6-31+G(d)/CPCM/THF)-
calculated spectrum (Fig. 5C), in which the major electronic transition is
located at 253 nm (f = 0.4797). This band grew upon further irradiation,
but prolonged irradiation resulted in a new less intense band at 283 nm,
a shift of the band at 252 nm to 248 nm, and depletion of the bands at ~

10

Journal of Photochemistry & Photobiology, A: Chemistry 467 (2025) 116427

272 and ~ 295 nm. We assigned the bands at 248 and 283 nm to 3 by
comparison to the reported spectrum, which has major absorption bands
at ~ 230 and 280 nm and a weaker band at ~ 380 nm [42]. This
assignment was further supported by the TD-DFT (6-31+G(d)/CPCM/
THF)-calculated spectrum of 3, in which the major electronic transitions
are located at 244 nm (f = 0.5981), 257 nm (f = 0.0365), and 272 nm (f
= 0.2323) with a weaker transition at 423 nm (f = 0.0023) (Fig. 5C).

In another experiment, irradiation of 1 in a glassy mTHF matrix with
a Xe lamp through a Pyrex filter resulted in the formation of a band with
Amax at 252 nm (Fig. 5C), which was assigned to 2, as discussed above.
After removal of the Pyrex filter, further matrix irradiation through a
quartz filter caused the absorption band of 2 at 252 nm to shift to 248 nm
with the concurrent formation of a new band at 283 nm, and these band
were assigned to 3, as before. Thus, we confirmed that initially formed 2
is converted to 3 upon irradiation through a quartz filter. The formation
of 4 in glassy mTHF is also possible because its TD-DFT (6-31+G(d)/
CPCM/THF)-calculated spectrum has major electronic transitions at
318 nm (f = 0.0002), 253 nm (f = 0.126), 248 nm (f = 0.335), and 213
nm (f = 0.1459) (Fig. 5C). In addition, a weak absorption band was
observed between 320 and 420 nm (Fig. S11). Although the TD-DFT
(6-31+G(d)/CPCM/THF)-calculated spectrum of 31N exhibits an elec-
tronic transition at 420 nm (f = 0.014) (Fig. S12), the observed band
could not be assigned to >IN because 4 and 3 also have calculated ab-
sorption bands at wavelengths above 400 nm.

The above result suggests that, in glassy mTHF, irradiation of azide 1
at wavelengths above 300 nm results in the formation of 2, whereas
irradiation at shorter wavelengths yields 3 from 2. However, the for-
mation of >1N or 4 in cryogenic mTHF matrices from the irradiation of 1
could not be established.

3.4. Nanosecond laser flash photolysis

Nanosecond laser flash photolysis was used to investigate whether 1
or 2 forms triplet vinylnitrene >1N in solution. Laser flash photolysis of 1
in argon-saturated acetonitrile at 308 nm resulted in a transient ab-
sorption spectrum with Ay at 437 nm and a smaller absorption band at
364 nm (Fig. 6A). The transient absorption corresponds well to the TD-
DFT-calculated spectrum of *1N (Fig. 6B), which has a major electronic
transition at 422 nm (f = 0.014). In argon-saturated acetonitrile, the
lifetime of 1N was 190 ns (k = 5.26 x 10° s_l), whereas the lifetime
became shorter in oxygen-saturated acetonitrile (140 ns, k ~ 7.14 x 10°
s~1; Fig. S13). Rate constants of 7-20 x 108 M~! s™! have been reported
for the reaction of triplet vinylnitrenes with oxygen [19]. As the con-
centration of oxygen in oxygen-saturated acetonitrile has been esti-
mated to be 0.0091 M [43], the rate constant of 31N reacting with
oxygen was calculated to be 7.9 x 108 M~!s™!, which further supports
the assignment of the transient absorption to *1N.

It should be noted that the transient absorption spectra obtained by
laser flash photolysis of 1 at 308 nm exhibit residual absorption between
350 and 400 nm, indicating the formation of 3. Thus, we theorized that
during laser flash photolysis of 1 at 308 nm, 2 forms within the laser
pulse (17 ns) and the transient absorption originates from secondary
irradiation of 2, which yields 31N.

Laser flash photolysis of azide 1 at 266 nm did not yield any signif-
icant absorption on short timescales. However, on a microsecond
timescale, a weak transient absorption was observed between 300 and
400 nm that did not decay significantly (Fig. S14). We assigned this
transient to intermediate 3 by comparison to its reported transient ab-
sorption spectra.40 As mentioned above, 2 could form (from 1) with a
kinetic shorter than the pulse width of the laser. However, further
irradiation of the sample would form intermediate 3, as illustrated in
Scheme 4.

To further support the formation of 2 from 1 within the laser pulse
and investigate the wavelength-dependent photochemistry of 2, we
carried out laser flash photolysis of 2 at both 308 and 266 nm. On
shorter timescales (nano-second), the transient absorption spectra
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obtained by laser flash photolysis of 2 at 308 nm (Fig. 7) were similar to
those obtained by laser flash photolysis of 1 using the same laser (Fig. 6).
Similar transient absorption spectra were obtained in dichloromethane
and mTHF (Fig. S15). Therefore, we conjecture that the photoexcitation
of 2 at 308 nm yields >1N. In contrast, laser flash photolysis of 2 at 266
nm yielded a weak transient absorption that was assigned to the spec-
trum of intermediate 3 (Fig. S16).

3.5. Ultrafast transient absorption spectroscopy (fs-TA & ns-TA)

To identify the S; transient of 1 and confirm that the irradiation of 1
does not yield >1N, we carried out the fs-TA of 1. Photoexcitation at 340
nm of 1 in Argon-saturated acetonitrile resulted in a broad transient
absorption band between 420 to 500 nm centered at ca. 473 nm (Fig. 8).
Since this transient was short-lived (22 ps; Fig. S18), we assigned it to
the S; of 1 or vinylnitrene 11N. However, the TD-DFT (B3LYP/6-31 + G
(d)/CPCM/acetonitrile)-calculated absorption spectrum of llN, which
has major electronic transitions at 539 nm (f = 0.0005), 442 nm (f =
0.0091), 389 nm (f = 0.0126), and 359 nm (f = 0.0026) (Fig. S19), did
not agree well with the observed transient absorption. Similarly, the
calculated spectra of T of 1, T; of 1, and T; of 2 did not correspond to
the observed spectra (Fig. S$20-S22). Thus, we cautiously assigned this
transient to S; of 1, which must decay by extruding a N3 molecule to
form 2. We cannot exclude that 1N forms a hot excited state, and the
TD-DFT calculations for modeling the absorption spectrum for 11N is not
very accurate.

3.6. EPR spectroscopy

Irradiation of 1 and 2 in degassed mTHF matrices at 5 K did not result
in any EPR signals that can be assigned to formation of 31 N (see
Fig. S34). However, it should be noted that triplet vinylnitrenes are not
stable at cryogenic temperatures unless they are part of a cyclic structure
that prevents rotation of the vinylic C=C-N moiety.[17,18,26] In
contrast, flexible triplet vinylnitrenes intersystem cross to stable prod-
ucts at cryogenic temperature.[10,16,19].

3.7. Calculations

To support the proposed reaction mechanism for photoproduct for-
mation from 1 and 2, DFT c alculations were performed using both
B3LYP/6-31+G(d) and B3PW91/6-31+G(d), as implemented in
Gaussian16 [36-39]. The IR and UV spectra were calculated using
B3LYP/6-31+G(d) to allow comparisons with our studies on 2-azidovi-
nylbenzene and 2-phenyl-2H-azirine in cryogenic matrices [10].

The stationary points on the reaction surfaces of 1 and 2 were
calculated using B3PW91/6-311 + G(d,p))/CPCM/acetonitrile. The
optimized structures of 1, T; of 1, To of 1, 31N,'1N, 2, T; of2, 3, and 4
are displayed in Fig. 9, with the calculated spin densities for Ty of 1, T; of
1,% N, and T; of 2 shown in red. The T; of 1 is best described as having
the unpaired electrons located mainly on the vinyl azido chromophore,
with spin densities of 0.62 and 0.73 on the N, and Nj atoms, respec-
tively, and a spin density of 0.73 on the Cg atom (Fig. 9). In contrast, the
T of 1 can be described as a 1,2-biradical, as the vinylic Cy and Cy atoms
have spin densities of 0.51 and 1.00, respectively. We plotted stationary
points on the triplet surface for both 1 and 2 (Figs. 10 and 11). Based on
TD-DFT calculations for the optimized structure of the singlet ground
state (Sg) of 1, S; of 1 is located 91 kcal/mol above Sy (Fig. 10).
Importantly, the calculated transition state barrier for T; of 1 to form 3
N (36 kcal/mol) is similar in energy to the T; of 1, indicating that the
dissociation of T; of 1 to form 31 N and a N, molecule is an almost
barrierless process. The computational investigations established that
the formation of 1 N from 1 is not feasible since the direct irradiation of
1 cannot produce the expected triplet manifold of 1.

We used Noodleman’s broken symmetry method to optimize the
structure of 1N [44]. The singlet configuration of *1N is located 7 keal/
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mol above the triplet configuration. However, as there is significant spin
contamination from the triplet (<SZ> = 1.0109), this calculation does
not accurately estimate the energy gap. Qian et al. estimated an energy
gap of 15.2 kcal/mol between singlet and triplet vinylnitrene
CHy;=CH-N using the CASPT2(6,5)/cc-pVDZ//CASSCF(6,5)/cc-pVDZ
level of theory. Despite the phenyl substitution, 1N is reasonably ex-
pected to have a similar energy gap [25].

TD-DFT calculations locate S; of 2 and T; of 2 at 105 and 70 kcal/mol
above its Sy, respectively, whereas the optimized structure of T of 2 is at
ca. 62 kcal/mol above its Sy. The calculated transition state barrier to
form 31 N from Ty of 2 is 17 kcal/mol (Fig. 11). However, the optimized
energy of T; of 2 is likely underestimated and closer to the TD-DFT-
calculated energy. Thus, cleavage from Ty of 2 to form 31 N is feasible
in solution and matrices. Finally, we optimized the transition state
barrier for 2 forming 3. This barrier is located 51 kcal/mol above the Sy
of 2, and thus it is feasible for vibrationally hot 2 to form 3 (Fig. 12).

4. Conclusion

Ultrafast transient absorption spectroscopy of 1 in acetonitrile
revealed the formation of a short-lived transient (t = 22 ps, Apmax at 472
nm), which was assigned to the S; of 1 rather than 1IN (Scheme 6).
However, multireference calculations are needed to further support this
assignment. In addition, we confirmed that the S; of 1 does not inter-
system cross to its triplet manifold to yield >1N. Instead, it theorized that
the S; of 1 decays to form 2 in a concentrated manner. Similarly, 4 is
expected to form from the S; of 1. We concluded that the large single-
t-triplet energy gap for 1 prevents intersystem crossing to the between
the singlet and triplet surfaces of 1. In contrast, the irradiation of 2 at
wavelengths above 300 nm resulted in the formation of >IN, which
decayed to re-form 2 in acetonitrile and cryogenic matrices. Thus, 1N is
not the precursor of 4 in cryogenic matrices. The photoreactivity of 2 is
not significantly affected by the reaction medium or temperature
because the intersystem crossing of *1N is not restricted by either tem-
perature or medium.
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