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ABSTRACT: The photochemical properties and reaction mechanisms
of a series of hypervalent iodoazide compounds (R−IN3) were
investigated, with substituents (−CH3, −H, −CF3) tuning the electronic
density of the phenyl ring. With the help of UV irradiation, ultrafast time-
resolved spectroscopy, and density functional theory (DFT) calculations,
we elucidated the mechanisms of azide radical (N3•) release and its
subsequent reactivity. UV−vis spectroscopy reveals that the photo-
conversion rates follow the trend CH3 > H > CF3, aligning with DFT-
calculated ΔG values for ring-opening transitions. Homolytic cleavage of
the I−N bond is identified as the dominant pathway for N3• generation
upon UV irradiation, occurring within 400 fs. The released azide radicals
react with the solvent molecules, while the iodo radical R−IC• fragments
undergo a thermodynamically uphill lactone ring-opening (RO) reaction
and subsequent hydrogen atom abstraction from the solvent to form carboxylic acids R−I−COOH, as validated by NMR and IR
spectroscopy. The study also highlights the role of substituents in influencing reaction kinetics and intermediate stability, with
electron-donating groups accelerating the release of the N3• species. This work bridges experimental observations with
computational predictions, offering a foundation for future advancements in azide-based reactions and materials.

■ INTRODUCTION
Organic azides exhibit remarkable chemical reactivity, driven
by their unique amphiphilic nature that enables the reactions
with electrophiles at the N1 position and nucleophiles at the
N3 position, as well as by the ease of N−N bond cleavage.1−3
For example, the nucleophilic attack at the N1 position of
azides using different reducing agents, such as phosphines
utilized in the Staudinger reaction, represents an efficient
method to synthesize organic amines.4 An electrophilic attack
at the N3 position plays a key role in the Schmidt and Curtius
rearrangements, where the azide anion undergoes a nucleo-
philic attack on carbonyl groups. These reactions are widely
utilized for the synthesis of amine and amide derivatives.5

Azides are also 1,3-dipoles, participating readily in [2 + 3]
cycloaddition reactions, such as the well-known “click
chemistry” reaction, where an azide reacts with an alkyne to
form 1,2,3-triazoles.6 The click cycloaddition7 has opened vast
opportunities for forming carbon−nitrogen and nitrogen-
heteroatom bonds and constructing functional group libra-
ries.3,8−11 Finally, thermal activation or photolysis of organic
azides releases molecular nitrogen, generating highly reactive
nitrenes.12,13 The nitrenes can insert into C−H bonds,
enabling C−H amination, or react with C�C bonds to
facilitate alkene aziridination.14 At low temperatures, nitrenes

can undergo intersystem crossing to a triplet ground state,
which can dimerize to generate azocompounds.15

These versatile reactions have made azides indispensable
tools in synthetic chemistry, facilitating the creation of diverse
molecular libraries for a wide range of biological applications.
In drug discovery, they enable the synthesis of nitrogen-
containing bioactive compounds,16 while in bioconjugation,
they are integral to click chemistry, providing a mild and
efficient method to link functional groups�such as fluorescent
probes�to biological systems.17 Azides are also used in
polymer chemistry, where nitrene or click chemistry is used in
azide-containing polymers to cross-link the chains and enhance
material performance in applications including ion-conducting
membranes, solar cells, light-emitting diodes, self-healing
materials, and others.2,18

The Zhdankin reagent, shown as compound H−IN3 in
Scheme 1, is an iodine(III) compound commonly used to
synthesize organic azides under mild conditions and with good
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functional group tolerance.19−23 The reactivity of H−IN3 is
associated with the presence of nonclassical “hypervalent” O−
I−N3 bonds formed from each lobe of a single 5p orbital of
iodine.24−27 As a result, O−I−N3 bonds contain only three
electrons and are quite weak; the I−N bond dissociation
energy of H−IN3 is estimated computationally to be only 35.4
kcal/mol.28 Thermal and photochemical I−N bond homolysis
in H−IN3 has been demonstrated as an efficient method to
form azide radicals needed for the formation of organic
azides.29−44 Due to the presence of labile azide groups, H−IN3
is an explosive chemical that exhibits a heat of release of 1770
kJ/kg and a TD24 of 45 °C (TD24 is the temperature at which
the maximum decomposition rate occurs over 24 h).32 The use
of H−IN3 in synthesis has prompted researchers to investigate
other cyclic analogs, and these studies have shown that
lactone-based derivatives exhibit reduced explosivity while
maintaining good azide transfer reactivity.32

In the present study, we investigate a series of hypervalent
iodo-azide compounds (R−IN3) to ascertain the photorelease
dynamics and kinetics of azide radicals and their subsequent
reactions, focusing on how the electronic nature of the ring
influences the “deazidation” processes. Employing spectro-
scopic and computational methods, we identified homolytic
dissociation of the iodo-azide bond upon UV irradiation as the
primary pathway leading to the formation of N3• species within
400 ps. The dissociation rate is strongly modulated by the
electron density in the phenyl ring, with electron-rich
substituents accelerating the process. Crucially, the overall
reaction rate is determined by the lactone ring-opening, during
which the iodine-centered radical intermediate transitions to
the oxygen-centered radical, highlighting the importance of
electronic effects in controlling this key transformation.
Subsequently, the azide radical abstracts a hydrogen atom
from the solvent, yielding benzoic acid as the final product,
confirmed through NMR and IR spectroscopy. Notable shifts
in energy dynamics, influenced by ring substituents, under-
score the critical role of electronic effects in bond dissociation
and subsequent reaction pathways. These findings provide
mechanistic insights into the photochemistry of iodoazides,
emphasizing the influence of electronic substituents on
reaction kinetics and pathways.

■ RESULTS AND DISCUSSION
The compounds CH3−IN3, H−IN3, and CF3−IN3 were
synthesized following established protocols and characterized
using 1H NMR spectroscopy (Figure S1). The methoxy
derivative (MeO−IN3) was also synthesized, but due to its
high light sensitivity, further characterization was not possible.
The electronic transitions in model azides were evaluated using
a combination of experimental UV−vis absorption spectros-
copy and computational time-dependent density functional
theory (Figure 1). The experimental spectra for all three
compounds appear below 350 nm and consist of an intense
band at ∼230 nm and a weaker absorption feature with a peak

at ∼280 nm. The effect of the phenyl substituent on the
absorption spectra is minor, and only a modest red shift of
peak maxima is observed with increasing electron-donating
ability of the substituents. The computational analysis was
performed using the MN15 functional, which has been
recognized previously for its broad accuracy.45 The calculated
UV−vis absorption spectra are qualitatively consistent with the
experimental values, as shown in Figure 1. The orbitals
associated with the lowest energy transitions are shown in
Figure 1 and were used to assign the relevant transitions. The
S1 and S2 transitions in all three compounds involve charge
accumulation in LUMOs, which are delocalized over azide-
iodo-lactone moieties. The occupied orbitals involved in the
transitions (HOMO, HOMO−1, and HOMO−3) are
generally delocalized over the entire π-framework of the
compounds, indicating that the S1 and S2 transitions exhibit
charge transfer character, where electronic density is pushed
from the phenyl ring to the azide-iodo-lactone moiety. The
only exception to this assignment is the S1 state of CF3−IN3,
where the HOMO−3 orbital is mostly confined to the azide-
iodo-lactone ring, likely due to the electron-withdrawing
character of the −CF3 group. Overall, the population of the
S1 state in all model compounds is expected to lead to charge
density accumulation at the azide group.
To investigate the photochemical activity of iodoazides, UV-

irradiation experiments were conducted on argon-purged azide
solutions using a 275 nm excitation source. The photochemical
changes were monitored using UV−vis spectroscopy, as shown
in Figure 2. All three model compounds exhibited photo-
chemical activity, as witnessed by the temporal changes in their
UV−vis spectra. Spectra for the corresponding benzoic acid
and acetate, as plausible products, were also collected to match
with the components for all three samples shown in Figure 2.
Given that the spectra for the corresponding benzoic acid and
acetate have very similar UV−vis spectra, it is inconclusive to
establish the nature and structure of the products formed from
UV−vis absorption studies. The kinetics of the UV-irradiation
experiments were derived from the absorption data in Figure 2
using a sequential 1→2→3 model (shown in Figure 3). The
lifetimes τ1, associated with the 1→2 transition appear in the
500−800 s range, while the subsequent 2→3 transitions occur
with lifetimes in the 1000−5000 s range. Interestingly, the

Scheme 1. Model Compounds Investigated in This Study

Figure 1. (a) Comparison of the calculated (black curves) and
experimental (red) UV−vis spectra for the three compounds
(experiments were performed in acetonitrile solutions). Vertical
lines indicate calculated electronic transitions at the MN15/cc-pVTZ/
SSD level of theory with the IEFPCM solvation model for solvation
effects. (b) Molecular orbitals depict the charge distribution in the
relevant electronic states.
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photoconversion is seemingly faster for derivatives with
electron-donating substituents than for electron-withdrawing
synthons, with CH3 > H > CF3 in rate constants for both
processes.
The formation of H−I−COOH from H−IN3 under

irradiation was confirmed by using 1H NMR spectroscopy.
The reaction was monitored over time in an argon-purged J-
Young NMR tube with dry DMSO-d6 as the solvent, and the
results are shown in Figure 4. The spectra clearly illustrate the
conversion of H−IN3 to H−I−COOH, with distinct changes
observed in the chemical shifts. Notably, a characteristic signal
at 7.5 and 7.2 ppm, corresponding to the carboxylic acid group,
emerged, while the signal at 7.8 ppm, associated with the initial
iodoazide (H−IN3) progressively diminished (see Figure S1
for NMR peaks of H−IN3). A similar transition was observed
for CF3−IN3 to CF3−I−COOH (see Figure S3). These results
provide direct evidence of the photochemical transformation of
R−IN3 to R−I−COOH.
Infrared (IR) spectroscopy provided additional insights into

the reactivity of H−IN3. Upon UV irradiation, distinct spectral
changes occurred in the azide and carbonyl regions, as shown
in Figure 5. The starting H−IN3 solution exhibited an

Figure 2. UV irradiation of R−IN3 samples monitored by UV−vis spectroscopy in acetonitrile under an inert atmosphere (Ar). (a1−a3) Time-
resolved UV−vis spectral changes observed for CH3−IN3, H−IN3, and CF3−IN3 upon UV light irradiation. (b1−b3) Experimental UV−vis spectra
of R−IN3 and their corresponding R−I−COOH and R−I−COONa products.

Figure 3. Time-dependent concentration profiles of the components involved in the photochemical transformation of (a) CH3−IN3, (b) H−IN3,
and (c) CF3−IN3 derived from UV irradiation experiments and analyzed by using principal component analysis. The black, red, blue, and green
curves represent Components 1, 2, and 3, respectively.

Figure 4. UV irradiation of H−IN3 in DMSO-d6, monitored using 1H
NMR in a J. Young NMR tube under an argon atmosphere.
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absorption band at 2050 cm−1 that matches well with the
density functional theory (DFT)-calculated stretching fre-
quency of the azide group at 2049 cm−1 (Figure S4).46,47 This
peak disappeared within the first few minutes of irradiation,
and a slower growth of a new peak emerged at 2133 cm−1. The
IR spectra of the possible photoproducts were calculated at the
MN15/cc-pVTZ/SSD level of theory with IEFPCM solvation
model for solvation effects, and the results are shown in Figure

S5 and Table S1. The products of homolytic and heterolytic I−
N bond scission, N3− and N3•, have IR bands at 1810 cm−1

and 1443 cm−1 and do not match the experimentally observed
peak at 2148 cm−1. However, the experimentally observed peak
matches well with the calculated azide stretching frequency of
CCl3N3, indicating that homolytic I−N bond scission is likely
followed by a reaction of photogenerated radicals with carbon
tetrachloride, the solvent used in these experiments.48,49 The

Figure 5. (a, b) DFT-calculated IR spectra (MN15 functional and cc-pVTZ/SDD basis set with IEFPCM = acetonitrile as the solvation method)
are shown in the top panel, while changes in experimentally collected IR spectra of H−IN3 recorded on irradiation with a UV lamp under an argon
atmosphere (in CCl4) are shown in the bottom panel. (c) Evolution of the IR peak at red: 2133 cm−1, green: 1719 cm−1, and blue: 2051 cm−1 with
time on UV irradiation under an argon atmosphere.

Figure 6. Femtosecond transient absorption spectra for H−IN3. (a) Spectral trace for H−IN3 (ex = 295 nm) in ACN, under Ar. Transient spectra
were collected in time intervals ranging from 0 to 7400 ps. The inset shows spectral traces at later times. (b) Component profiles obtained from
global analysis fitting, highlighting the transitions between species. (c) Kinetic traces for H−IN3 monitored at 500 nm. Solid red lines show fits for
the sequential kinetic model. Black, blue, and green represent the populations of the first, second, and third components used for data fitting.

Figure 7. (a) Energetics for homolytic and heterolytic dissociation of R−IN3 obtained using the computational method with the MN15 functional
and cc-pVTZ/SDD basis set with IEFPCM = acetonitrile as the solvation method. (b) Calculated absorption spectra of H−IC•, H−IO•, and H−IC+.
(c) Structures of the possible dissociation products.
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changes in the carbonyl stretching region are shown in Figure
5, where a peak shift and increased intensity were observed
from 1707 to 1717 cm−1. These changes are consistent with
the calculated C�O stretching frequencies of H−IN3 and H−
I−COOH, further confirming that carboxylic acid is formed in
the photochemical reaction of these organic azides. The
kinetics of azide dissociation, shown in Figure 5, reveals that
cleavage occurs within a few seconds of UV irradiation. At the
same time, the growth of product bands is delayed, indicating
the involvement of at least one intermediate (X) between H−
IN3 and H−I−COOH. Intermediate X was not observed in the
IR window.
To elucidate the early photodissociation kinetics, we

performed femtosecond transient absorption (fsTA) spectros-
copy on argon-purged solutions of H−IN3 (Figure 6). The
transient spectrum obtained immediately after the photo-
excitation pulse exhibits a broad excited-state absorption
spanning 300−600 nm, with a maximum at 350 nm. This
species decays within a few hundred femtoseconds, leaving a
weak transient signal centered at 425 nm that persists on the
time scale of our instrument (7.4 ns). The transient absorption
data were analyzed using a 3-component model, as shown in
Figure 6. The decay components were characterized by
lifetimes of τ1 < 300 fs (instrument response function) and
τ2 = 407 fs, as shown in Figure 6. Component 1, with rapid
decay, is attributed to ultrafast electronic relaxation processes,
such as internal conversion (IC) from the hot state (Snn) to the
relaxed excited state (S01) or potentially prompt heterolytic I−
N bond cleavage, while acknowledging that its exact nature
cannot be definitively determined due to the temporal
limitations of our measurements.50 The longer-lived compo-
nent 2, with a 407 fs lifetime, is assigned to the formation of
the organic radical R−IC•, formed upon I−N photolysis (the
structure of R−IC• is shown in Figure 7). This assignment is
supported by DFT calculations discussed below. The kinetics
of the 500 nm intermediate were further monitored, showing
that the intermediate exhibits a 1913 ps lifetime.
DFT calculations were conducted to evaluate the

thermodynamics of possible reaction pathways, as shown in
Figure 7. We considered two pathways: one involving the
homolytic I−N scission to form neutral radicals R−IC• and N3•
and another associated with the heterolytic bond scission to
form ionic species R−IC+ and N3−. The calculated Gibbs free
energies show that the homolytic dissociations are significantly
less thermodynamically demanding (ΔG values are in the
0.59−0.63 eV range) than the corresponding heterolytic
pathways (ΔG values are in the 2.00−2.20 eV range). While
both heterolytic and homolytic pathways are accessible from
the molecular S1 excited states (whose energies are in the 3.5−
4 eV range, Figure 1), we anticipate that the homolytic scission
producing radicals R−IC• and N3• is the thermodynamic sink
for both pathways. Thus, it is very likely that the photo-
chemical reactivity of organic azides studied here generates
radicals R−IC• and N3•.

Interestingly, the substituent effects, though subtle, are
different for the two pathways: the homolytic pathway is less
energetically demanding for CF3-substituted derivatives, while
the heterolytic pathway favors electron-donating CH3 sub-
stituents. In general, the stability and reactivity of the resulting
radicals are governed by their electrophilic or nucleophilic
nature.51−53 Electrophilic radicals preferentially undergo
reduction to form stabilized anions, while nucleophilic radicals
are more readily oxidized to yield cations.53,54 The trends
observed in our calculations for the homolytic pathway suggest
that the R−IC• radicals exhibit nucleophilic character (Figure
7).
Since benzoic acid derivatives were observed as reaction

products in the NMR experiments (Figure 4), we further
evaluated the energetics of RO from closed R−IC• to open R−
IO• species, followed by H-atom abstraction from the solvent
to form the corresponding benzoic acids (Figure 7). The RO
reactions are slightly thermodynamically uphill, with the
calculated ΔG values in the 0.20−0.26 eV range. This range
is accessible at room temperature (as discussed later), enabling
the formation of the RO radical intermediate, R−IO•, as a
relevant species in the reaction pathway. The substituent trend
observed in the RO reactions indicates that electron-donating
substituents favor the RO pathway (the calculated ΔG value
for the CH3 substituted derivative is only 0.20 eV). This
behavior is because electron-donating groups stabilize the
radical intermediate formed in the RO process by increasing
electron density at the radical center.52 The thermodynami-
cally uphill RO process is also consistent with the long-lived
500 nm intermediate observed in the fsTA experiments shown
in Figure 6. These experiments showed that the 500 nm
intermediate is formed within 407 fs and persists for 1913 ps.
To assign this intermediate, we evaluated the absorption
spectra of H−IC•, H−IO•, and H−IC+ (Figure 7). We find that
H−IC• absorbs in the 400−600 nm range, supporting our
assignment of the 500 nm intermediate in the TA data to this
species.
The substituent effects observed in the reaction kinetics in

Figures 2 and 3 indicate that electron-donating substituents
accelerate the overall photoreaction. This trend is consistent
with the DFT-calculated ΔGRO values for the RO in Figure 7
and Table 1 (R−IC• → R−IO•), which predict that electron-
withdrawing substituents are less energetically demanding.
Thus, the overall reaction is likely not controlled by the rate of
I−N bond homolysis. Instead, we propose that the formation
of intermediate R−IO• controls the overall reaction, followed
by hydrogen-atom abstraction (HAA_O), with the solvent
serving as the H-atom donor. To support this conclusion, we
calculated the free energies for the HAA from acetonitrile
(labeled as solvent S−H) for both open (R−IO•) and closed
(R−IC•) radicals, GHAA_O and GHAA_C (Table 1 and Figure
S6). The trends observed in our experiment (CH3 substituted
azide reacts faster) are consistent with the calculated trends for
the RO reactions and not the subsequent HAA processes,

Table 1. DFT-Calculated Gibbs Free Energies for Ring Opening (RO) and Hydrogen Atom Abstraction (HAA) Reactionsa

Homolytic Reaction −CH3 −H −CF3
GRO R−IC• → R−IO• 0.20 0.22 0.26
GHAA_O R−IO• + S−H → R−I−COOH + S• −0.63 −0.65 −0.73
GHAA_C R−IC• + S−H → R−I−COOH + S• −0.43 −0.43 −0.47

aHAA involves acetonitrile (labeled as S−H) as an H-atom donor, and the calculations were performed from open (ΔGHAA_O) and closed
(ΔGHAA_C) radical intermediates. Energies are reported in eV.
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supporting our assignment of the RO reaction as the rate-
determining step.
Based on the results shown above, we propose a reaction

mechanism (Scheme 2) that starts with the UV excitation of
R−IN3 to induce transitions from S0

0 to a vibrationally and
electronically excited state Sn

n. The subsequent ultrafast
subfemtosecond process is attributed to the internal con-
version to the S1 state S( )1

0 , from which homolytic I−N bond
cleavage takes place. Alternatively, prompt heterolytic cleavage
may initially generate R−I+ and N3−, followed by electron
transfer from N3− to R−I+. Both the process ultimately lead to
homolytic I−N bond cleavage products to form N3• the cyclic
radical intermediate R−IC•. The rate constant for the RO of
H−IC• to H−Io• can be estimated from time-resolved data in
Figure 6, using the fits of the kinetic profile for the 400−500
nm intermediate assigned to H−IC•. The rate constant for this
decay was determined to be 3.6 × 108 s−1. If we assume that
RO is barrierless, then the DFT-calculated ΔGRO = 0.22 eV
(Table 1) can be used in an Arrhenius equation to derive an
estimate for the RO rate constant. We find that the rate
constant of 3.6 × 108 s−1 is obtained at room temperature
when the pre-exponential factor A = 1.8 × 1012 is used. Such a
pre-exponential factor is reasonable and consistent with typical
iodo radical reactions,55−57 supporting our assignment of the
3.6 × 108 s−1 process to the H−IC• → H−IO• ring-opening
reaction. The final step involves abstraction of hydrogen from
the solvent, yielding R−I−COOH. We hypothesize that the
overall rate of conversion is governed by the RO step (H−IC•

→ H−IO•), with the free energy barrier (ΔGRO) increasing as
electron density on the phenyl ring decreases, following the
trend CF3 > H > CH3. These findings highlight the intricate
interplay of electronic effects and mechanistic pathways in the
photochemical reactivity of iodoazides.

■ CONCLUSION
In conclusion, this study investigates the photochemical
behavior of hypervalent iodide compounds (R−IN3) with
varying electronic properties by modifying the R group
(−CH3, −H, and −CF3). All compounds exhibit photo-
chemical activity, with reaction rates following the trend CH3 >
H > CF3, consistent with DFT-calculated ΔGRO values that
predict the energy demand for intermediate formation during
RO. The photochemical transformation of R−IN3 to R−I−

COOH is confirmed through NMR and IR spectroscopy, with
IR further indicating that the released azide radical reacts with
the solvent. Homolytic dissociation of the I−N bond is
identified as the primary pathway for azide radical (N3•)
release, occurring within a few hundred femtoseconds, as
revealed by ultrafast transient absorption spectroscopy. The
electronic properties of substituents significantly influence
reaction kinetics, with electron-donating groups facilitating
faster radical release. These findings advance our under-
standing of azide photochemistry and provide a foundation for
designing efficient, stable, and safe energetic and functional
materials.
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