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I. INTRODUCTION

Organic azides are one of the more adaptable functional groups in synthetic chemistry because
they react easily with both electrophiles and nucleophiles to form new C—N bonds'. The
dipolar character of organic azides makes them suitable for cycloaddition to alkynes and
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olefins, which has been used in numerous syntheses>®. The quest for sustainable chemistry
has inspired interest in using sunlight® !°, a natural resource, or energy-efficient light-emitting
diodes (LEDs) for synthetic applications. Although most organic azides do not absorb visible
light, transition metal photocatalysts can be used to realize visible-light-driven photochemical
transformations''. For example, photocatalytic sensitization of aryl and vinyl azides has
been successfully used for selective C—N bond formation'> 3. Generally, the photochemistry
of organic azides has been of limited synthetic utility, as their reactivity is complex and
depends on multiple factors, such as molecular structure and whether excitation occurs
directly or with sensitizers'*~?’. Upon excitation, organic azides can form products in a
concerted manner or form nitrene intermediates, and their reactivity depends on their electron
configuration and substituents. This chapter focuses on the formation and characterization of
triplet vinylnitrenes from various precursors and their intriguing reactivity, with emphasis on
identifying the factors that control the reactivity, both in solution and in cryogenic matrices.
A better understanding of the reactivity of vinylnitrenes will make it possible to use them
in synthetic applications. It should, however, be noted that this chapter is biased toward the
authors’ own research on triplet vinylnitrene intermediates.

Il. ARYLNITRENES

Generally, nitrenes are electron-deficient short-lived intermediates that can be stabilized by
electron-donating substituents'>!%21-23 The formation of arylnitrenes and their reactivity
have been studied extensively. For example, singlet arylnitrenes are highly reactive and insert
into themselves to yield unimolecular reactivity, as shown in Scheme 1. Arylnitrenium ions
generated from singlet nitrenes are also well documented®*-2". However, singlet arylnitrenes
with at least two ortho substituents are sufficiently long-lived to insert into surrounding
bonds, which makes them useful in applications such as polymer cross-linking and sur-
face modification.?!+?28-36 In contrast, triplet arylnitrenes are long-lived intermediates in
solution’’=*, which do not react with the solvent but mainly decay to form azo-dimers
(Scheme 1). Triplet arylnitrenes are stable at cryogenic temperatures and can be directly
detected spectroscopically®’. Because they are thermally stable at cryogenic temperatures,
triplet arylnitrenes are sufficiently long-lived to have a rich photochemistry.

The most common method for forming singlet arylnitrenes is to activate aryl azides with
heat or UV light, resulting in the extrusion of molecular N, and the formation of singlet aryl-
nitrenes. In comparison, triplet arylnitrenes can be formed by triplet-sensitized irradiation of
aryl azides. In addition, triplet arylnitrenes can be formed at cryogenic temperatures by direct
irradiation of aryl azides, as the intersystem crossing of singlet arylnitrenes to their triplet
configurations competes effectively with the unimolecular reactivity at low temperatures. The
characterization and reactivity of arylnitrenes have been reviewed in several recent articles and
book chaptersm’ 19-22,37,41-45

lll. ALKYLNITRENES

Alkylnitrenes, like arylnitrenes, are stabilized by electron-donating alkyl groups, and they have
been detected and characterized in solution and at cryogenic temperatures*®~#¥. In solution,
alkylnitrenes are long-lived intermediates that decay to form the corresponding azo products
(Scheme 2), and thus, they exhibit similar behavior to triplet arylnitrenes*~>'. Furthermore,
we demonstrated that the azo dimers are formed by dimerization of two alkylnitrenes, rather
than a triplet alkylnitrene reacting with its azido precursor to form a tetrazete followed by nitro-
gen loss?. Electron spin resonance (ESR) spectroscopy reveals, as expected, that the unpaired
electrons of triplet alkylnitrenes are localized on the nitrogen atoms'® 2%, Triplet alkylni-
trenes are mainly formed by triplet-sensitized photolysis of alkyl azides’'~33. A significant
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SCHEME 1. Reactivity of singlet and triplet arylnitrenes.
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SCHEME 2. Reactivity of triplet alkylnitrenes.
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difference between the reactivities of aryl- and alkyl-nitrenes is that triplet alkylnitrenes cannot
be formed by intersystem crossing of singlet alkylnitrenes, as direct photolysis of alkyl azides
at cryogenic temperatures generally does not yield triplet alkylnitrenes®* >, although a few
exceptions have been reported®’~>°. Direct irradiation of alkyl azides in solution does not yield
triplet alkylnitrenes, either because alkyl azides undergo concerted rearrangement in the sin-
glet excited state or because alkylnitrenes react faster than they intersystem cross to form their

triplet counterparts (Scheme 3)°7-%,
h _H
R/\ Ny v R/\ N
-N.
®) ’ (5b)
RN
(5a)
singlet
alkylnitrene

SCHEME 3. Direct irradiation of alkyl azides.

IV. VINYLNITRENES

Although triplet vinylnitrenes have an electron-donating substituent, they display very different
reactivity from triplet alkyl- and aryl-nitrenes, as they are generally short-lived intermediates
that have a lifetime of a few microseconds in solution and decay by intersystem crossing®!.
Their reactivity in solution and cryogenic matrices is discussed in more detail in the following
sections. Triplet vinylnitrenes can be formed by photolysis of azirines, isoxazoles, and vinyl
azides (Scheme 4); however, photolysis of these precursors does not yield triplet vinylnitrenes
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SCHEME 4. 2H-Azirines, isoxazoles, and vinyl azides as precursors to triplet vinylnitrenes.
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without the involvement of a triplet sensitizer. Thus, if direct irradiation of these precursors
yields the corresponding singlet vinylnitrenes, it can be concluded that they react faster to
form products than they intersystem cross to their triplet configurations. It is, however, just as
possible that the singlet excited states of these precursors react in a concerted manner to form
products, rather than forming singlet vinylnitrenes.

Most reported intramolecular sensitizations of azirine derivatives that successfully yield
triplet vinylnitrenes have been carried out with acetophenone or naphthalene as the sensitizer
moiety (triplet energies of 74 and 61 kcal mol™!, respectively)®>®. Similarly, intramolec-
ular sensitizations of vinyl azide derivatives with an acetophenone or naphthoquinone
(58 kcal mol~")%* sensitizer have effectively yielded triplet vinylnitrenes. However, other
triplet sensitizers may also be useful. The energy gap between the triplet and singlet
configurations of vinylnitrenes will be discussed in Section C.

A. Formation, Characterization, and Reactivity of Triplet Vinylnitrenes in
Solution

1. Triplet Vinylnitrenes from 2H-Azirines

Singh and coworkers showed that azirine (9), which has an adjacent carbonyl group,
can be converted photochemically into isoxazole (10) with 334 nm irradiation, whereas
short-wavelength irradiation resulted in the formation of oxazole (11) (Scheme 5)%-66,
Furthermore, irradiation of isoxazole (10) resulted in conversion into azirine (9). The authors
theorized that the interconversion of azirine (9) and isoxazole (10) occurs through triplet
vinylnitrene intermediate (12), whereas transformation of azirine (9) into oxazole (11) occurs

through ylide (13)%.
hv =334 nm Ph 0 Ph
hv <313 nm 7/
hv > 300 nm N

(10) )] (1)
t )
o n! o 4 .
PhM Ph Ph =
12) 13)

SCHEME 5. Photoreactivity of azirine (9) as a function of irradiation wavelength.

One of the challenges in identifying reactivity attributable to the formation of triplet vinylni-
trenes is that vinylnitrenes intersystem cross to re-form the starting materials, unless they have
an intramolecular trapping agent such as a carbonyl group. For example, Inui and Murata did
not observe any new products during the photolysis of azirine (14) in the presence of acryloni-
trile in argon-saturated acetonitrile, presumably because azirine (14) yields triplet vinylnitrene
(15), which decays by intersystem crossing to re-form azirine (14)%7-%°. In contrast, photolysis
of 14 in oxygen-saturated acetonitrile resulted in the formation of products 16 and 17, which
the authors attributed to trapping of triplet vinylnitrene (15), as shown in Scheme 6.
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SCHEME 6. Photoreactivity of azirine (14) in oxygen-saturated acetonitrile.
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SCHEME 7. Proposed mechanism for forming triplet vinylnitrene (19) from azirine (18).

Because it is difficult to determine whether irradiation of azirine derivatives results in the for-
mation of triplet vinylnitrenes based on product studies, we have relied on laser flash photolysis
to identify triplet vinylnitrenes in solution. The first direct detection of a vinylnitrene in solution
was realized by laser flash photolysis of azirine (18), which has an acetophenone moiety as a
built-in triplet sensitizer (Scheme 7)°'. Irradiation at longer wavelengths (>300nm) allows
selective excitation of the ketone chromophore in 18. The triplet excited state of the ketone
undergoes energy transfer to form the triplet excited state of the azirine, which undergoes
cleavage of the C—N bond to form triplet vinylnitrene (19) (Scheme 8). In contrast to triplet
alkyl- and aryl-nitrenes, vinylnitrene (19) has a lifetime of only a few microseconds in both
acetonitrile and methanol solutions, and it is efficiently quenched with oxygen’. Triplet vinyl-
nitrene (19) is short-lived because it intersystem crosses effectively to form isoxazole (20) and
to re-form azirine (18). Furthermore, irradiation of azirine (18) at shorter wavelengths results
in ylide (21), which is formed upon direct excitation of the azirine chromophore, followed by
cleavage of the C—C bond (Scheme 8)'.
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SCHEME 8. Wavelength-dependent photoreactivity of azirine (18).

Ylide (21), which has a lifetime of 6 ps in acetonitrile, decays to form oxazole (22), and,
as expected, its lifetime is not affected by oxygen. Singh and coworkers showed that the
photochemistry of azirine (18) is wavelength dependent®, with short-wavelength irradiation
yielding oxazole (22) and longer wavelength irradiation resulting in isoxazole (20). Using laser
flash photolysis, we established that isoxazole (20) is formed through triplet vinylnitrene (19),
whereas oxazole (22) originates from ylide (21) (Figure 1)°'.

The photoreactivity of azirine (23) further confirmed the wavelength dependency of the pho-
tochemistry of azirines in solution (Scheme 9)"°. Laser flash photolysis of azirine (23) with a

0.02
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FIGURE 1. Transient absorption spectra obtained by laser flash photolysis of azirine (18) with (a) a
308 nm laser and (b) a 266 nm laser collected between (A) 0.19 and 1.3 ps (red trace) and (B) 18 and
39 ps (black trace) after the laser pulse. Adapted with permission from Ref. 61. © 2011 American
Chemical Society.
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SCHEME 9. Wavelength-dependent photochemistry of azirine (23).

308 nm laser resulted in transient absorption owing to the formation of triplet vinylnitrene
(24), which has A, at 440nm and a lifetime of ~7 ps in acetonitrile (Figure 2). Quenching
studies supported the assignment of this transient absorption to triplet vinylnitrene (24), as the
precursor to triplet vinylnitrene (24) was quenched by isoprene. In contrast, laser flash photol-
ysis of azirine (23) with a 266 nm laser resulted in a different transient spectrum with A, at
~340 nm, which was assigned to ylide (25) (Figure 3). The lifetime of ylide (25) was deter-
mined to be only 14 ps. Photolysis of azirine (23) in acetonitrile through a Pyrex filter does
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FIGURE 2. (a) Transient absorption spectra obtained by laser flash photolysis of azirine (23) in ace-
tonitrile with a 308 nm laser. (b) TD-DFT calculated electronic transitions for triplet vinylnitrene (24).
(c) Kinetic trace obtained at 460 nm. Adapted with permission from Ref. 70. © 2014 American Chem-
ical Society.
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FIGURE 3. (a) Transient absorption spectra obtained by laser flash photolysis of azirine (23) in ace-
tonitrile with a 266 nm laser. (b) TD-DFT calculated electronic transitions for ylide (25). (c) Kinetic
trace obtained at 340 nm. Reproduced from Ref. 71 with permission of CSIRO Publishing.
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not yield any products owing to intersystem crossing of triplet vinylnitrene (24) to re-form
azirine (23), although triplet vinylnitrene (24) can be trapped with molecular oxygen to form
benzaldehyde (Scheme 9). In contrast, irradiation of azirine (23) at 254 nm results in the forma-
tion of heterocycle (26) through ylide (25) (Scheme 10)™%7%73, Because laser flash photolysis
of azirine (23) confirmed that the reactivity under longer wavelength irradiation occurs on the
triplet surface, we theorized that the phenyl chromophore acts as a triplet sensitizer, as it is
not in conjugation with the azirine moiety. In more detail, at longer wavelengths, it is possi-
ble to selectively excite the phenyl chromophore in azirine (23), which intersystem crosses to
its triplet configuration and transfers its energy to the azirine moiety. In contrast, at shorter
wavelengths, the azirine chromophore must absorb directly to form ylide (25).

N o _—
A\ hv Ph N N—H
Ph 254 nm o =~
(23) 25) (26)

SCHEME 10. Products formed by irradiation of azirine (23) at 254 nm.

To further support this notion, we investigated the photochemistry of azirine (28), an isomer
of azirine (23) in which the phenyl and azirine moieties are in conjugation (Scheme 11)™.
The photochemistry of azirine (28) is not wavelength dependent, and laser flash photolysis
demonstrated that excitation of azirine (28) results in the formation of ylide (29) (Figure 4). In
addition, ylide (29) is long-lived, as it does not decay by unimolecular reactivity, as observed
for ylide (25), but rather by cycloaddition to azirine (28) to form heterocycles (30) and
(31)70.72.73,

N
Ph Ph
- : = Ph = Ph
A LI N w N \D‘\( :
PhA CH,CN 7 \

- \
Cycloaddition N
ycloa 9 N \/
@8) (29) (30) ENEID

SCHEME 11. Photoreactivity of phenyl-conjugated azirine (28).

2. Triplet vinylnitrenes from isoxazoles

Further, we verified with laser flash photolysis that both azirine (9) and isoxazole (10) serve
as precursors to triplet vinylnitrene (12) (Scheme 12)7*. Laser flash photolysis of isoxazole
(10) in argon-saturated solution showed the formation of triplet vinylnitrene (12), which has
a broad absorption band with 4, at 440nm (z ~ 1.8 ps). Similarly, laser flash photolysis of
azirine (9) in argon-saturated acetonitrile resulted in the formation of triplet vinylnitrene (12),
and also ylide (13) (4, at440nm, 7 =13 ps).

max
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FIGURE 4. (a) Transient absorption spectra of ylide (29) obtained by laser flash photolysis of azirine
(28) in acetonitrile with a 308 nm laser. (b) TD-DFT calculated electronic transitions for ylide (29).
(c) Kinetic trace obtained at 320 nm. Adapted with permission from Ref. 70. © 2014 American Chem-
ical Society.
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SCHEME 12. Proposed mechanism for forming vinylnitrene (12) from azirine (9) and isoxazole (10).
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SCHEME 13. Reactivity of vinylnitrene (12) in oxygen-saturated solution.

Photolysis of azirine (9) in oxygen-saturated chloroform enabled trapping of triplet vinylni-
trene (12) to form small amounts of benzoic acid and benzamide (Scheme 13) in addition to
isoxazole (10) and oxazole (11). Similarly, irradiation of isoxazole (10) in oxygen-saturated
chloroform-d yielded small amounts of benzoic acid and benzamide in addition to azirine
(9). Furthermore, laser flash photolysis of azirine (9) and isoxazole (10) in oxygen-saturated
solution (Figure 5) allowed the direct detection of peroxide radical (32) (4, at 360 nm,

max
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FIGURE 5. Transient absorption spectra obtained by laser flash photolysis of isoxazole (10) in (a)
argon-saturated and (b) oxygen-saturated acetonitrile. (c) Transient absorption spectra obtained by laser
flash photolysis of azirine (9) in argon-saturated methanol with a 308 nm laser. Adapted with permission
from Ref. 74. © 2013 American Chemical Society.
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7 ~ 0.7 ps). The rate constant for the reaction of vinylnitrene (12) with oxygen was determined
to be 2x 10° M~! s7!. As vinylnitrene (12) has significant radical character on the p-carbon
atom, it reacts with oxygen much more efficiently than is typically observed for triplet alkyl-
or aryl-nitrenes’*. In comparison, triplet alkylnitrenes have been reported to react with oxygen
with a rate constant of ~5 x 10* M~! s™!, whereas triplet arylnitrenes react faster, with reported
rates constants between 10° and 107 M~ s7138:30.75,

3. Vinylnitrenes from vinyl azides

a. Direct photolysis of simple vinyl azides. We investigated the solution photochemistry
of vinyl azide (33), in which the vinyl azido chromophore is in conjugation with the phenyl
moiety, and found that it forms azirine (34) (Scheme 14), as reported earlier by Isomura and
coworkers’® Laser flash photolysis of vinyl azide (33) did not yield any transient absorption
on the nanosecond timescale”’. In contrast, laser flash photolysis of azirine (34) resulted in
transient absorption that was assigned to the formation of triplet vinylnitrene (35). Thus, it was
concluded that vinyl azide (33) reacts on its singlet surface to form azirine (34).

N
i S
s N; ]4> / \ L’ X
Ph 308 nm Ph 308 nm Fh
(33) (34) (35)

SCHEME 14. Photoreactivity of vinyl azide (33).

b. Sensitized photolysis of flexible vinyl azides. Because direct photolysis of vinyl azide
(33) does not yield any reactivity from its triplet excited state, we prepared vinyl azide (36),
which has a built-in triplet acetophenone sensitizer (Scheme 15)78. Trradiation of vinyl azide
(36) in argon-saturated solution resulted in quantitative formation of azirine (37), whereas
in oxygen-saturated solution, cyanides (38) and (39) were formed. With the aid of laser
flash photolysis and density functional theory (DFT) calculations, it was determined that
excitation of vinyl azide (36) results in the formation of the triplet excited state of its ketone
chromophore, which undergoes energy transfer to form triplet biradical 40 (Scheme 16
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Ph X > 300 nm Ph N
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SCHEME 15. Photoreactivity of flexible vinyl azide (36).
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FIGURE 6. Transient absorption spectra obtained by laser flash photolysis of vinyl azide (36) in (a)
argon- and (b) oxygen-saturated acetonitrile with a 308 nm laser. Adapted with permission from Ref.
78. © 2014 American Chemical Society.

and Figure 6). Biradical 40 decays by expelling molecular N, to form triplet vinylnitrene (41),
which has a broad absorption band between 310 and 330 nm. The rate constant for forming
vinylnitrene (41) from biradical 40 is 3.0 X 10° s™' (z =3.3 ps) in methanol, but the lifetime
of vinylnitrene (41), which is limited by intersystem crossing to azirine (37), is considerable
longer (on the order of 1 ms). In comparison, laser flash photolysis in oxygen-saturated solution
resulted in a different transient spectrum because biradical 40 was efficiently intercepted by
molecular oxygen to form peroxide biradical 42 (4,,,, at ~420 nm). The rate constant for form-
ing peroxide biradical 42 is 4.9 X 10° s~! (z =204 ns) in oxygen-saturated methanol, whereas
its decay rate constant is 1.9 X 103 s~ (z =5.2 ps). Thus, product studies and laser flash pho-
tolysis of vinyl azide (36) highlighted that triplet vinylnitrene can be formed by intermolecular
sensitization of vinyl azides. However, the precursor to the triplet vinylnitrene is effectively
trapped by molecular oxygen to form the peroxide biradical following extrusion of molecular

78
N,
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c. Triplet-sensitized photolysis of cyclic vinyl azides. As vinylnitrenes can be trapped by
molecular oxygen in solution to form new C—O bonds, they are expected to have signif-
icant 1,3-biradical character, and thus, rotation around the vinyl bond must be possible at
ambient temperature. DFT calculations also predict that triplet vinylnitrenes have significant
1,3-biradical character, and therefore, the rotational barrier around the vinyl bond in triplet
vinylnitrenes is much less than that around the vinyl bond of ground state vinyl azides. The
calculated rotational barriers for several vinylnitrenes are shown in Scheme 17. Furthermore,
because triplet vinylnitrenes decay by efficient intersystem crossing to form new C—N or C—O
bonds, yielding azirine or isoxazole derivatives, it is anticipated that rotation around the flexi-
ble vinyl bond is necessary to access conformers that are well set up for intersystem crossing to
singlet products. We theorized that triplet vinylnitrenes decay by intersystem crossing because
they are flexible, and thus, we were prompted to studied cyclic vinyl azides, which are not
flexible.

/\(L)\ (6] Ph Ph Ph O
PUNY O VY )
Ph Nt Ph N4 N4 N4 ph N
(19) 12) (24) @5) (€ DN
A
Calculated rotational barrier (kcal/mol) around the vinyl bond (DFT/B3LYP/6-31 + G(d))
11 8 10 11 >14
SCHEME 17. Calculated rotational barriers for vinylnitrenes.
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SCHEME 18. Photochemistry of cyclic vinyl azide (46).
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Triplet vinylnitrenes 19

We prepared vinyl azide (46), which is part of a bicyclic structure and has a built-in triplet
sensitizer (naphthoquinone), and studied its photochemistry (Scheme 18)7°. Upon irradiation,
vinyl azide (46) forms polymeric tar, but products 49 and 50 can be formed by trapping
with dienes. We theorized that vinyl azide (46) forms triplet vinylnitrene (47) in solution.
Vinylnitrene (47) then intersystem crosses to azirine (48), which is not stable and polymerizes.
Furthermore, laser flash photolysis of vinyl azide (46) yielded triplet vinylnitrene (47), which
has a broad absorption band and a lifetime of ~22 ps in argon-saturated acetonitrile (Figure 7).
We concluded that, despite its cyclic structure, vinylnitrene (47) is flexible enough at ambient
temperature to decay by intersystem crossing, although it can be trapped in bimolecular
reactions’® 30,

To further explore the effect of flexibility on the reactivity of vinylnitrenes, we investigated
vinyl azide (51), which has a built-in triplet sensitizer (acetophenone) and is part of a bicyclic
structure, similar to vinyl azide (46) (Scheme 19). However, owing to its smaller ring struc-
ture, vinyl azide (51) is more strained than vinyl azide (46)%'. Laser flash photolysis of vinyl
azide (51) yielded triplet vinylnitrene (52), which has a broad absorption band from 300 to

0.02
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FIGURE 7. (a) Transient absorption spectra obtained by laser flash photolysis of vinyl azide (46) in
argon-saturated acetonitrile with a 308 nm laser. (b) TD-DFT calculated electronic transitions for triplet
vinylnitrene (47). Adapted with permission from Ref. 79. © 2015 American Chemical Society.
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SCHEME 19. Photoreactivity of vinyl azide (51).

520 nm with A, at 340 and 480 nm (Figure 8). Interestingly, vinylnitrene (52) did not decay
by intersystem crossing to form azirine (53), but selectively dimerized to form 54. The steric
strain of the molecular structure prevents triplet vinylnitrene (52) from decaying by intersystem
crossing to form azirine (53) because azirine (53) is higher in energy than triplet vinylnitrene
(52). Additionally, because vinyl azide (51) is highly conjugated, it absorbs visible light, and
irradiation with a 405 nm LED is sufficient for quantitative transformation of vinyl azide (51)
to dimer (54) (Figure 9).

B. Formation, Characterization, and Reactivity of Triplet Vinylnitrenes in
Cryogenic Matrices

Until recently, there have been no reports on the direct detection of triplet vinylnitrenes in
cryogenic matrices, presumably because vinylnitrenes intersystem cross to products, similar
to the behavior observed in solution’®'. However, as cyclic vinylnitrenes (47) and (52) are
stable at cryogenic temperatures, their physical properties and photoreactivity can be explored
at cryogenic temperatures.

1. ESR and IR spectroscopy of cyclic triplet vinylnitrenes in cryogenic matrices

ESR spectroscopy revealed that triplet vinylnitrene (47) is thermally stable in methyltetrahy-
drofuran (mTHF) matrices up to at least ~100 K (Figure 10). The zero-field splitting parameters
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FIGURE 8. (a) Transient absorption spectra obtained by laser flash photolysis of vinyl azide (51) in
acetonitrile with 308 nm laser. (b) TD-DFT calculated electronic transitions for triplet vinylnitrene (52).
Adapted with permission from Ref. 81. © 2016 American Chemical Society.

obtained for triplet vinylnitrene (47) (D/hc =0.729 cm™" and E/hc =0.0048 cm™") highlighted
its significant 1,3-biradical character. The zero-field splitting parameters for triplet vinylnitrene
(52) are D/hc=0.460cm™" and E/hc=0.005cm™', indicating that it has more 1,3-biradical
character than triplet vinylnitrene (47) (Figure 11).

Wentrup and coworkers have shown that, generally, there is a linear correlation between the
calculated spin densities of triplet nitrenes and the measured zero-field splitting parameters
(Figure 12)%2-84, The calculated spin densities on the nitrogen and vinylic p-carbon atoms of
triplet vinylnitrenes (47) (1.42) and (52) (1.29) obey the same trend.

Photolysis of vinyl azides (46) and (51) in argon matrices at 8 and 10K also resulted in
the formation of triplet vinylnitrenes (47) and (52), respectively. Because vinylnitrenes (46)
and (52) are stable at cryogenic temperatures, they can absorb light and react further. Upon
excitation, vinylnitrene (47) undergoes a-cleavage to form cyanide (55) (Scheme 20 and
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FIGURE 9. (a) UV and (b) NMR spectra of vinyl azide (51) as a function of irradiation time with a
405 nm LED. Adapted with permission from Ref. 8§1. © 2016 American Chemical Society.

Figure 13), whereas vinylnitrene (52) undergoes secondary photolysis through both a- and
B-cleavage to form products 56 and 57 (Scheme 21 and Figure 14). Thus, vinylnitrene (52) is
more reactive than vinylnitrene (47) because it is more strained.

2. Irradiation of flexible vinyl azides in cryogenic matrices

In contrast, irradiation of noncyclic vinyl azides in argon matrices does not yield triplet vinyl-
nitrene intermediates. For example, Lopes and coworkers studied the photoreactivity of vinyl
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FIGURE 10. ESR spectra obtained by irradiating 46 in mTHF as a function of temperature. Microwave
frequency: 9.398896 GHz; H, =3353.5G. X, =6008 G; Y, = 6224 G; Z, ~4500G; Am =2-1685G.
D/he=0.7292 cm™'; E/hc =0.0048 cm™~!. Adapted with permission from Ref. 79. © 2015 American
Chemical Society.
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FIGURE 11. ESR spectrum obtained by irradiating 51 in mTHF at 80 K. Adapted with permission
from Ref. 81. © 2016 American Chemical Society.

azide (58) in argon matrices and demonstrated that it yields ketenimine (59) and azirine (60)
(Scheme 22)%. The authors theorized that ketenimine (59) is formed from Curtius rearrange-
ment of the vinyl azide and that azirine (60) is formed through singlet reactivity. Furthermore,
upon prolonged irradiation, azirine (60) is converted into oxazole (62), presumably through
ylide (61), although it was not observed directly in the matrix®°.

Similarly, irradiation of vinyl azide (33) in argon matrices yields ketenimine (63) and azirine
(34) through singlet reactivity (Scheme 23)”’. Short-wavelength irradiation of azirine (34)
results in the formation of ylide (64). Thus, vinyl azides (33) and (58) do not yield any products
that can be attributed to the formation of triplet vinylnitrenes.
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FIGURE 12. Correlation between the ESR zero-field splitting parameter D/hc (cm™') and the
natural spin density p on the nitrene—N. Legend: 1, phenylnitrene; 4, 2-pyridylnitrene; 9,
ring-opened cyanobutadienylnitrene from 2-pyridylnitrene; 12, 3-pyridylnitrene; 22, 4-pyridylnitrene;
23, 2-pyrazinylnitrene; 28, ring-opened vinylnitrene from 2-pyrazinylnitrene; 31, 3-isoquinolylnitrene;
32, ring-opened nitrene from 3-isoquinolylnitrene; 35, 2-quinazolinylnitrene; 40, 2-pyrimidinylnitrene;
41, ring-opened vinylnitrene from 2-pyrimidinylnitrene; 45, phenanthridinylnitrene; 48, ring-opened
arylnitrene from phenanthridinylnitrene; 57, phenanthrylnitrene; 65, I1-isoquinolylnitrene; 67,
2-quinolylnitrene; 74, 4-quinolylnitrene; 81, 2-quinoxalinylnitrene; 82, 2-naphthylnitrene; 77,
4-biphenylylnitrene. Further details can be obtained from the publications by Wentrup and
coworkers®>~#_ Reproduced with permission from Ref. 41. © 2017 American Chemical Society.

3. Irradiation of azirines in cryogenic matrices

Inui and Murata demonstrated that naphthyl-substituted azirine (14) shows wavelength-
dependent photochemistry in cryogenic matrices, similar to the behavior observed in
solution®’. Short-wavelength irradiation leads to selective C—C bond cleavage to form
corresponding ylide (65), whereas irradiation above 366 nm yields ketenimine (67). Photoly-
sis of azirine (14) in argon matrices with oxygen suppressed the formation of ketenimine (67),
as well as the formation of aldehyde (16) and acetonitrile oxide (66), which must originate
from trapping of the corresponding triplet vinylnitrene (15) (Scheme 24).

Similarly, we showed that long-wavelength irradiation of azirine (18) in cryogenic
argon matrices does not yield triplet vinylnitrene (19) but ketenimine (68), presumably
through intersystem crossing of triplet vinylnitrene (19) (Scheme 25). In comparison,
short-wavelength irradiation of azirine (18) in argon matrices results in the formation of
ylide (21). The photochemical behavior of azirine (23) in matrices mirrors that of azirine
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SCHEME 20. Photoreactivity of vinyl azide (46) in cryogenic argon matrices.
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FIGURE 13. (a) IR spectra obtained before (red) and after (blue to black) irradiation of vinyl azide
(46) in an argon matrix at 8 K. Calculated IR spectra at the B3LYP/6-31 + G(d) level for (b) triplet
vinylnitrene (47) and (c) cyanide (55) after scaling by 0.9613%. Reproduced with permission from
Ref. 79. © 2015 American Chemical Society.
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SCHEME 21. Cryogenic reactivity of vinyl azide (52).

(18) (Scheme 26). Long-wavelength irradiation gives ketenimine (69) and short-wavelength
irradiation ylide (25). Furthermore, irradiation of azirine (28), in which the aryl moiety is
in conjugation with the azirine chromophore, in matrices only yields ylide (29) (Scheme
27). Thus, irradiation of azirines (18), (23), and (28) in matrices reflects their reactivities in
solution, except that the triplet vinylnitrenes can intersystem cross to form ketenimines rather
than re-forming the starting materials.

Fausto and coworkers studied the photochemistry of azirine esters (70a) and (70b), with and
without a chloro substituent®”-8. Upon irradiation, both (70a) and (70b) were found to form
the corresponding ketenimine (71) and ylide (72) as products (Scheme 28).
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FIGURE 14. (a) IR spectra obtained before and after irradiation of vinyl azide (51) in an argon matrix
at 10K. (b) Calculated IR spectra of triplet vinylnitrene (52), ketene (56), and ketenimine (57) after
scaling by 0.9613%. Reproduced with permission from Ref. 81. © 2016 American Chemical Society.

4. Irradiation of isoxazoles in cryogenic matrices

The photochemistry of isoxazole derivatives has also been studied in cryogenic matrices. For
example, Fausto and coworkers showed that short-wavelength irradiation of isoxazoles (73)
and (79) yields both azirine and ketenimine products (Schemes 29 and 30)%%.

The photoreactivity of 1,2-benzisoxazole derivatives was also studied by Fausto and
coworkers (Scheme 31)%-% Interestingly, irradiation of benzisoxazole (88) at 280 nm resulted
in the formation of ketenimine (90) and spiro-2H-azirine (91), presumably through vinylni-
trene intermediate (89). Irradiation with light above 400 nm converted ketenimine (90) and
azirine (91) into cyano phenol (92).
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SCHEME 23. Cryogenic photoreactivity of vinyl azide (33).
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SCHEME 25. Cryogenic photoreactivity of azirine (18).
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SCHEME 29. Cryogenic photoreactivity of isoxazole (73).
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SCHEME 32. Cryogenic photoreactivity of isoxazole (93).

Benzisoxazole (93), an amino-substituted derivative of 88, selectively formed spiroazirine
(95) under irradiation at 280 nm, presumably through vinylnitrene (94) (Scheme 32). Upon
subsequent irradiation of azirine (95) at a higher wavelength, some of 95 isomerized back to
benzisoxazole (93) with concurrent formation of azirine (95). Irradiation of azirine (95) at
335 nm yielded ketenimine (97).

We studied the photoreactivity of isoxazole (98) in argon matrices and found that irradia-
tion with a xenon lamp resulted in the formation of azirine (100) instead of ketenimine (102),
which was the product predicted by previous cryogenic matrix isolation studies of isoxazole
photochemistry®'. The a-phenyl substituent in vinylnitrene (99) is thought to lower the rota-
tional barrier and facilitate intersystem crossing to azirine (100) rather than ketenimine (102)
(Scheme 33).

0—N . O  Ph . 0
P = P —— "
Ph Ph IsC Ph N4 IsC Ph v
98) 99) f 100y N
f l hy
0 o . -
N PN
Ph )k/ N7 ph
Ph)v/ Ph Z
(102) (101)

SCHEME 33. Cryogenic photoreactivity of isoxazole (98).
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C. Theoretical Calculations

In this section we only briefly describe calculations performed on vinylnitrenes that we
have studied experimentally, although several theoretical papers on vinylnitrenes have been
published?>#1:4%:92-9 DFT calculations can be used to better understand the physical proper-
ties of triplet vinylnitrenes and to aid in determining their reactivity. For example, Figure 15
displays the calculated stationary points on the triplet surface of vinyl azide (46) for formation
of triplet vinylnitrene (47). These results demonstrate that the transition state barrier for form-
ing triplet vinylnitrene (47) from the lowest triplet excited state of vinyl azide (46) is only a few
kilocalories per mole, and thus, formation of triplet vinylnitrene (47) from the triplet excited
state of vinyl azide (46) should be easily accessible”. DFT calculations can be used to verify
that vinylnitrene formation is feasible from the triplet precursors, but they cannot be used to
determine whether intersystem crossing to the triplet surface of the precursors is feasible.

DFT calculations also allow straightforward estimations of the spin densities of triplet vinyl-
nitrenes and thus the extent of their 1,3-biradical character. Furthermore, as described earlier,
the calculated spin densities are correlated with the D/hc values measured for triplet vinyl-
nitrenes, which makes it feasible to approximate the 1,3-character of vinylnitrenes for which
ESR spectra cannot be recorded because they are not stable at cryogenic temperatures. Fur-
thermore, the rotational barrier around the vinyl bond in triplet vinylnitrenes can easily be
estimated with DFT calculations, although the accuracy of the calculated rotational barriers
has not been verified (Scheme 17).

In addition, DFT calculations (B3LYP/6-31+G(d)) can be used to estimate the energy gap
between the open-shell singlet and triplet configurations of triplet vinylnitrenes by optimiz-
ing the singlet vinylnitrenes using the broken-symmetry method with guess =mix as a key-
word, as featured in Gaussian09 (Table 1)7%3!. Using this method, the energy gaps between

S, 63
T, 54
TS (48)
T, 49 (46)
) o 4
N3 Nt
H I + N2

46 FC 7))
(46) o 0
So (0)

FIGURE 15. Calculated stationary points on the triplet surface of (46). The energies of the first singlet
excited state (S1=63), first triplet excited state (T, =49), and second excited triplet state (T, =54)
of 46 were obtained from TD-DFT calculations, whereas the energies of the ground state (S, =0), T1
(46), transition state (TS = 48), and triplet vinylnitrene (47) were obtained by optimization calculations.
Energies are in kcal mol~!. Reproduced with permission from Ref. 79. © 2015 American Chemical
Society.
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TABLE 1. Calculated energies of singlet and triplet configurations of vinylnitrenes (52) and (47)

B3LYP/6-31 + G(d) CASSCF(12,12)/cc-pVDZ CASPT(12,12)/cc-pVDZ

/ICASSCF(12,12)/cc-pVDZ

State  E (au) s2 Rel E  E (au) Rel E E (au) Rel E
Vinylnitrene (52)

3A" 475865 2.05 0.0 —473.155 0.0 —474.444 0.0
'A”  —475837 1.01 175 —473.139 103 —474.428  10.1
LA’ —475.81 34.2 —473.077 49 —474.373 442

Vinylnitrene (47)
CASSCF(14,14)/cc-pVDZ CASPT(14,14)/cc-pVDZ
/ICASSCFE(14,14)/cc-pVD

SA” —589.198 2.06 0.0 —585.935 0.0 —587.484 0.0
TA”  -589.173  1.01 16.1 —585.909 164 —587.464 13
1A/ —585.861 46.6 —587.417 423

Relative energies in kcal mol~!, not corrected for ZPE differences.
Source: Reproduced with permission from Ref. 81. © 2016 American Chemical Society.

the open-shell singlet and triplet configuration of vinylnitrenes (47) and (52) were estimated
to be 16.1 and 17.5 kcal mol~!, respectively. However, more sophisticated calculations using
CASSCF and CASPT?2 theories have demonstrated that the DFT calculations overestimate the
energy gap.

CASPT calculations demonstrate that the singlet—triplet energy gap for triplet vinylnitrene
(47) is 13.0kcalmol™', which is somewhat smaller than that reported for phenylnitrene
(14.9 kcal mol=")', Interestingly, CASPT calculations reveal that the singlet—triplet energy
gap for vinylnitrene (52) is only 10kcalmol~' when considering the open-shell singlet
state, which is smaller than that for triplet vinylnitrene (47). Despite this low energy gap,
vinylnitrene (52) is less reactive than vinylnitrene (47) in solution because it decays by
dimerization but not vinylnitrene (47). Thus, it can be theorized that the energy gap between
the singlet and triplet configurations of vinylnitrenes is affected by substituents and can be
used to control the reactivity.

V. CONCLUSION

Triplet vinylnitrenes can be formed in solution and cryogenic matrices through triplet sen-
sitization. The 1,3-biradical character of triplet vinylnitrenes makes them flexible, and they
mainly react by intersystem crossing to form products. Triplet vinylnitrenes that are part of a
bicyclic structure are stable at cryogenic temperatures, whereas more flexible triplet vinylni-
trenes intersystem cross to ground-state products. Because triplet vinylnitrenes can be designed
to undergo bimolecular reactions, a better understanding of how their reactivity can be con-
trolled will reveal their potential for use in synthetic applications. Furthermore, because triplet
vinylnitrenes can be rendered stable at cryogenic temperature they have the potential to be used
as building blocks for high-spin assemblies.
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