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ABSTRACT: The research on heteroaromatic azoswitches has
been blossoming in recent years due to their astonishingly broad
range of properties. Minimal chemical modifications can
drastically change the demeanor of these switches, regarding
photophysical and (photo)chemical properties, promoting them
as ideal scaffolds for a vast variety of applications based on
bistable light-addressable systems. However, most of the
characteristics exhibited by heteroaryl azoswitches were found
empirically, and only a few works focus on their rationalization.
Herein we report on a mechanistic study employing phenyl-
azoindoles as a model reference, combining spectroscopic experiments with comprehensive computational analysis. This
approach will elucidate the intrinsic correlations between the molecular structure of the switch and its thermal behavior,
allowing a more rational design transferable to various heteroaryl azoswitches.

■ INTRODUCTION

Arylazo compounds have undisputedly become one of the
fundamental photoswitchable cores studied in the last
decades.1,2 The molecular-scale motion of these compounds
can be triggered by irradiation with light of a suitable
wavelength, eventually forming the metastable Z-form.3 The
reverse reaction restoring the stable E-starting material can be
triggered by either photochemical or thermal means (Chart
1A).1,4−8 The thermal isomerization to the E-form is classically
described following three different mechanisms and associated
with characteristic lifetimes (τ) of the Z-isomer spanning from
nanoseconds and several months (Chart 1B). The inversion
mechanism can be simplified by an in-plane motion of a
substituent of the azo unit; it is typical of the parent
azobenzene and usually associated with slower kinetics
compared to the other pathways.9−11 The rotation is
characterized by an out-of-plane motion of the moieties
attached to the NN bond and is typical of azobenzenes
decorated with push−pull substituents in polar solvents.5 The
mechanism is associated with kinetics considerably faster
compared to the previous case. The last case is the one
involving tautomerism, typical of hydroxy- or amino-
substituted azobenzenes.12−14 The proton on the OH can be
shifted either intra- or intermolecularly on the NN bond,
forming a hydrazone tautomer characterized by an N−NH
single bond, around which the substituents can easily rotate
and eventually reform the E-isomer.15,16 While the inversion
and rotation mechanisms are monomolecular, the hydrazone

formation can be considered multimolecular as a consequence
of the participation of more than one molecule of the substrate
to the tautomerism and the assistance of the solvent in the
proton transfer.17,18 Being able to predict and control the
different mechanisms associated with the thermal stability of
the Z-isomer is vital for planning to use a certain switch for a
given application. Indeed, stability ranging from years to
months shall be granted for molecular data storage.19 Moving
to the rapidly growing field of photopharmacology, a Z-isomer
characterized by seconds to months lifetime is usually
preferred.20 Finally, extremely unstable Z-forms are required
for smart materials applications and real-time information
transmission (<nanoseconds−seconds).15,21 Many strategies
have been devised to obtain a precise spatiotemporal control of
the thermal Z-to-E motion of azobenzene,16,22 including the
use of Brønsted/Lewis acid,23−25 electro-,26 and hole
catalysis.27

In recent years an increasing number of studies have
reported on the discovery and application of heteroaryl
azoswitches, e.g., containing the pyridine, imidazole, and
pyrazole core.28−32 The introduction of a heterocycle in the
switch deeply modifies the switching and chemical properties
of the molecule, unlocking unique interactive features such as
ligand to metal coordination or hydrogen bond formation,
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without further modification of the core.31,33−35 As an added
value, the ubiquity of nitrogen heterocycles in chemistry makes
the heteroaryl derivatives perfect candidates for future
developments of azo-based photoswitches. Indeed, N-hetero-
cycles are used as (organo)catalysts, as ligands in transition
metal complexes, and in organic light emitting diodes, they are
submoieties in a huge variety of natural compounds, and they
can be found in almost 60% of the FDA approved drugs.36−40

However, a broader application of heteroaryl azoswitches is
only in its beginnings, and consequently, many mechanistic
intricacies defining the stability of their Z-isomer are not yet
resolved. One big limitation is represented by the unpredict-
able behavior of the heterocycles bearing an NH in the
aromatic ring.17,41 Although the tunability of the thermal
inversion mechanism for their methylated counterparts is
reported in two elegant studies,31,42 the full understanding of
the nature of the thermal isomerization in the NH-containing
substrates remains an unresolved challenge.31,33,35,43 This often
prevented the use of these compounds, favoring the more
predictable methylated compounds and leaving the potential of
the protonated compounds unexplored,31,34 e.g., for non-
covalent recognition.44 In this framework, we recently
contributed to the understanding of the tautomerism
mechanism in 3-phenylazoindoles. We found that the
modification of the water content in the environment granted
nanosesconds−seconds lifetimes to NH-substituted indoles,
while methylation of the indolic nitrogen afforded minutes−
days lifetimes.18 The huge variety of τ which can be tuned up
to 13 orders of magnitude is presumably a consequence of a

change in mechanism. We reported the presence of an
inversion pathway for the methylated compound, a rotation
one in the NH-containing compound, in aprotic solvents, and
intermolecular hydrazone formation with the NH compounds
in protic solvents (Chart 1C).18 The mechanism variation, and
in rare cases coexistence, can be followed by analyzing the
kinetics of isomerization and the relative transient spectra.18

In the present work we focus on the mechanism change in
the previously studied phenylazoindole core 1a and 1b and
extend the number of analyzed structures to 5- (2), 6- (3), and
2- (4) substituted phenylazoindoles (Chart 1D). The
spectroscopic and computational data collected for this set of
molecules will be used to rationalize how the different
substitution patterns influence the choice of mechanism in
the azoindole structure, why methylation imposes a change of
the isomerization pathway, and when the hydrazone
tautomerism can be reasonably claimed to occur.17 These
premises will be subsequently applied to generalize and predict
the behavior of an extended selection of heteroaryl azoswitches
in their methylated and NH forms.

■ METHODS

UV/Vis Measurements. An Agilent 8453 spectrometer
and a Jasco V-550 spectrometer were employed. The used
solvent is stated for each experiment. UV-induced isomer-
izations were performed through irradiation with a 400 nm
Edison Edixeon EDEV-SL-C1-03 (700 mA) LED. The
solutions were kept in the dark for 24 h prior the
measurements to achieve thermal equilibration.
Thermal Z-to-E-isomerization was recorded using a Thermo

Scientific Multiskan Spectrum (18 °C, see Figure S1).
Irradiation prior to measuring was performed using a home-
built 96-well plate irradiation setup. A solution of the
appropriate arylazoindoles (50 μM, 250 μL) was pipetted in
a 96-well microtiter plate (Greiner). The wells were covered
with a foil to avoid evaporation of the solvent. Then, the plate
was irradiated with a 96-wells 365 nm LED irradiation setup
for 10 min to ensure that the PSS was reached (Figure S1).
The thermal Z-to-E-isomerization was recorded.

Laser Flash Photolysis. The laser pulse photolysis
apparatus consisted of a Flashlamp-pumped Q-switched
SpitLight-100 Nd:YAG laser from InnoLas, used at the third
harmonic of its fundamental wavelength. It delivered a
maximum power of 10 mJ at 355 nm with 3 ns pulse duration.
The LP920-K monitor system (supplied by Edinburgh
Instruments), arranged in a cross-beam configuration,
consisted of a high-intensity 450 W ozone-free Xe arc lamp
(operating in pulsed wave), a Czerny-Turner with Triple
Grating Turret monochromator, and a five-stage dynode
photomultiplier. The signals were captured by means of a
Tektronix TDS 3012C digital phosphor oscilloscope, and the
data were processed with the L900 software supplied by
Edinburgh Instruments. The solutions to be analyzed were
placed in a fluorescence cuvette (d = 10 mm).

Computational Analysis. All the calculations were carried
out at the ωB97X-D/TZVP level. The rotation transition states
were treated at the Broken Symmetry (BS)-UωB97X-D/TZVP
level.
All the optimizations were confirmed to be stationary points

by the number of imaginary frequencies found (0 for the
minima, 1 for the TSs). The thermochemical data obtained
from the frequency calculations were used to compute the free
energy of activation of the reactions. The zero-point vibrational

Chart 1. Isomerization Pathways in (Hetero)azoswitchesa

aPhotochemical and thermal isomerization of azobenzene (A);
pictorial depiction of the different Z-to-E thermal pathways in
azoswitches (B); 3-phenylazoindole transition states schematization
of the mechanisms presented in B (C); molecules subject of the
current study (D).
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energy was always added to the G values obtained from the
frequency calculations. All the isodesmic equations considered
in this study were obtained subtracting the sum of the free
energies and ZVPE of the reagents to the one of the products
of the reaction.

■ RESULTS AND DISCUSSION

Thermal Isomerization in Differently Substituted
Phenylazoindoles: Isomerization of Compounds 2−4.
Compounds 2, 3, and 4 were synthesized from the
corresponding amino indoles in a reaction with nitrosobenzene
following the Baeyer−Mills protocol (see Scheme S1).
Compounds 2 and 3 are particularly interesting because the
azo function is attached to the benzene moiety of the indole
core. They allow the study of the behavior of bicyclic
heteroaryl azoswitches substituted on the homocyclic part.
We triggered the formation of the Z-isomer by irradiation of a
50 μM solution of the compound in different solvents with a
400 nm LED (Figure 1A). The values of quantum yields of E-
to-Z isomerization (ΦE−Z ∼ 0.3 in all the solvents studied) are
similar to the ones reported for electron-rich substituted
azobenzenes (see Table S1).1 Compound 3 affords photosta-
tionary distributions (PSDs) containing ≥80% of Z-isomer at

the photostationary state (PSS), while the Z-form in
compound 2 is less abundant (50% < PSD < 76%, see Table
S1). We could not analyze the photostationary distribution of
compound 4 due to its short lifetimes of Z-to-E conversion.
The thermal Z-to-E relaxation process was studied in the

same solvents and solvent mixtures (Table 1). Both 2 and 3
exhibit lifetimes in the range of several hours to a few days,
resembling the behavior of the methylated compound 1b.18 In
contrast, the parent compound 1a relaxes in seconds or much
faster from the PSS to the thermodynamic equilibrium.
Besides, 5-phenylazoindole (2) exhibits two to four times
greater τ than the corresponding 6-phenylazo derivative (3) in
all investigated solvents. We applied a variation of the Kamlet
and Taft linear solvation energy relationship (LSER) (Figure
1B) to examine the presence of a trend in the lifetimes.45 This
method allows to quantitatively describe the specific (electron-
pair sharing) and nonspecific (polarity) effects of the solvents
on the rate of the reaction (more details in the Supporting
Information, in section 3.1.3). From the multivariate analysis it
appeared that the polarity (π*) of the medium has the most
significant effect in lowering the rate of thermal isomerization
of 2 and 3, while the basicity (β) of the solvent (and
consequently the formation of a hydrogen bond interaction)

Figure 1. Z-to-E thermal isomerization of compounds 2 and 4. Time-resolved UV−vis spectrum of compound 2 in DMSO during 120 s of
irradiation with an LED (λ = 400 nm) (A); Kamlet−Taft multivariate regression plot of the experimental and calculated (C-PCM-ωB97X-D/
TZVP) Z-to-E ln k of 2 in the solvents reported in Table 1 (B); transient absorption spectrum of 4 in MeOH (C); computed structure (ωB97X-D/
TZVP level) of the Z-isomer of 4 (D).

Table 1. Lifetimes for the Z-to-E Thermal Isomerization of Compounds 1−4

lifetimes (τ) [s]

solvent 1a18 1b18 2 3 4

cyclohexane 4.25 × 10−2 3.96 × 104 2.01 × 104 1.19 × 104 7.7 × 10−9

toluene 4.75 × 10−2 1.03 × 104 6.48 × 104 2.45 × 104 8.3 × 10−9

MeCN 4.30 × 10° 1.04 × 105 3.85 × 105 1.43 × 105 9.2 × 10−9

MeOH 6.80 × 10−3 8.64 × 104 1.13 × 105 4.97 × 104 9.5 × 10−9

DMSO 6.50 × 10° 2.25 × 105 1.88 × 105 2.95 × 105 9.3 × 10−9

DMSO−water (1:1) 1.88 × 10−4 1.86 × 105 4.03 × 104 1.1 × 10−8
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has an opposite role for 2 (Figure 1B, for 3, see Figure S26).
These considerations are in line with previous reports of an
inversion transition state (see Chart 1B), supporting the
presence of this specific mechanism in the thermal isomer-
ization of compounds 2 and 3.5,35

Indeed, plotting the computed values of the thermal
isomerization rates obtained considering an inversion pathway
versus the same multivariate function furnished a slope that is
comparable with the experimental values (Figure 1B, in green).
The simulated energies were obtained as Boltzmann-factor-
weighted averages between the isomerization of the two more
stable conformers at the C-PCM-ωB97X-D/TZVP level of
theory (section 6.2 of the Supporting Information). Having the
computed ΔG‡ in hand, we obtained the simulated kinetic
constants applying the Eyring equation. It has to be noted that
the computed values of ln k slightly suffer in accuracy, probably
due to the oversimplification of the solvent medium as a
dipolar continuum. It is known that an explicit solvent
molecule modifies the calculated ln k significantly without a
change in the mechanism type due to the interaction with the
indolic NH.35 However, we consider the choice of functional,
basis set, and solvent method precise in predicting the same
trend we found experimentally.
In general, the behavior of 2 and 3 resembles the one

reported for electron-rich azobenzenes and N-methylated
heterocyclic azo compounds like 1b or recently reported
methylated imidazole and pyrazole derivatives.31,35,46

Compound 4 represents the other side of the coin, showing
some of the shortest lifetimes for Z-to-E thermal isomerization
registered for a neutral azo compound (only push−pull
systems bearing pyridinium salts have reached the subnano-
second range in azoswitches so far).15,18,29,47 All of the τ

oscillate around the 10 ns scale, with minimal or no solvent
effect (see Table 1 and Figure 1C). The presence of a
hydrazone intermediate is recurrently mentioned as the leading
actor of the thermal instability of the Z-form of heteroaryl
azobenzenes;17,29 however, it was not observed in our
experiments. The geometry of Z-4, with the phenyl ring
“shielding” the NH and hindering the site from the solvent,
explains the limited solvent effect in the thermal Z-to-E
isomerization rates of 4 (see Figure 1D). The mechanism of
thermal isomerization is the rotation as determined by
calculations, exactly like in compound 1a in the absence of a
protic environment.18

Moreover, it was not possible to detect the formation of the
n → π* transition typical of the appearance of the Z-isomer.18

The explanation probably lies in the symmetry of the preferred
conformation of Z-4, which does not allow this specific
transition to appear (see Figure 1D, cf. also the calculated
absorption spectrum of Z-4 in section 6.5 in the Supporting
Information). A similar situation was found for compound 1a
in aprotic solvents.18

Rationalization of the Monomolecular Thermal
Isomerization Mechanisms in 1−4. The monomolecular
thermal behavior of the differently substituted indoles is
extremely peculiar in its variety. Attaching the azo moiety to
the homocyclic side of the indole always affords an inversion
mechanism (compounds 2, 3), while positioning the NN in
position 2- (compound 4) grants a rotation pathway associated
with ultrafast isomerization rates, regardless of the solvent of
choice. 3-Phenylazoindoles, on the other hand, are reported to
isomerize either via rotation (1a, in the absence of protic
solvent)18 or via inversion (if methylated like 1b).18 These

experimental findings were computationally confirmed at the
BS-ωB97X-D/TZVP18,32 level of theory, analyzing the nature
of the different transition states.
We found that the NBO (natural bond orbital) analysis of

specific orbital interactions in the Z-isomer of the azoindoles
offers a simplified, yet chemically appropriate way to
understand the thermal pathway chosen by a given
structure.31,48 The bond orders obtained from this method
were already used to correlate the thermal stability of a set of
methylated Z-isomers of heteroaryl photoswitches.31 The NBO
package furnishes also a second-order perturbative approach
(Chart 2A) which estimates the stabilization energy (E(2))

granted by the delocalization of the electrons belonging to a
filled Lewis-localized orbital in the molecule (i, depicted in
green in Chart 2) into an empty one (j, in yellow).49−51 This
approach in the analysis of the wave function furnishes useful
hints on the specific interactions stabilizing a structure and the
related energies. Interestingly, if we consider the energy gain
between the filled NN and the neighboring empty double
bond on the indole (Chart 2B), the E(2) values are slightly
bigger compared to the reference azobenzene (Z-AB, Chart

Chart 2. Theoretical Analysis of the Monomolecular
Mechanisms in Compounds 1−4a

aPictorial representation of the stabilization energy (E(2)) between a
filled (i) and empty (j) orbital in a molecule (A); ΔG‡ of inversion
and main orbital interactions found in compounds Z-2, 3 compared to
Z-azobenzene Z-AB. In the figure, the empty π* orbital considered for
second-order interaction with the NN is highlighted in yellow (B);
pictorial representation of the isodesmic reactions considered for
compounds 1a, b and 4 (C); main orbital interactions found in
compounds 1a, c and 4 in their Z-form, inversion, and rotation
transition state. The ΔG‡ (BS-UωB97X-D/TZVP) for each respective
transition state is reported.
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2B). As a first approximation, we can conclude that given the
more significant stabilization interactions, Z-2 and Z-3 prefer
to isomerize via the inversion pathway typical of unsubstituted
azobenzene back to the E-form.1 The inversion transition
structure does not disrupt the conjugation between the
(heterocyclic) ring and the NN bond, in contrast to the
rotation transition state (where the NN π bond is
completely broken due to a 90° dihedral angle with the
substituents, see Chart 1B). Hence, a system having a stronger
delocalization (a larger E(2)) prefers to maintain that
interaction also in the transition structure, instead of breaking
it via a rotation pathway. The E(2) values do not correlate
directly with the computed ΔG‡ because they consider only
the interactions at the minimum energy of the Z-isomer.
However, they furnish a qualitative indication that can be used
to choose the right mechanism of isomerization, which
quantitatively affords lower barriers compared to Z-AB (see
Chart 2B), as expected from structures that electronically
resemble an electron-rich azobenzene.1

Moving to compounds 1a, b and 4, the nonmethylated
compounds have low TS energies for thermal isomerization
due to a rotation pathway (see the ΔG‡ values reported in
Chart 2C) The N-methylated compound 1b, on the other
hand, prefers an inversion pathway to the rotational one, with a
barrier ca. 10 kcal mol−1 higher with respect to compound
1a.18 The reason can again be found in the orbital interactions.
In particular, methylation rises the energy of the filled lone-pair
orbital on the N (two C−H σ bonds of the methyl have a
filled−filled destabilizing interaction of ca. 8 kcal mol−1 with
the lone pair on N). This effect correlates directly with the
E(2) values of donor−acceptor stabilization between the n
orbital on the N and the π* orbital on the C2−C3 carbons of
the indole (n(N) → π*(CC) values in Chart 2C, on the right).
The direct consequence of this delocalization is the change in
energy of the above π*(CC) that can now interact in a stronger
fashion with π(NN) in Z-1b, compared with 1a and 4. The
interactions of the NN bond with the neighboring empty
CC in the Z-isomer can explain a change of mechanism.
Compound 1b is less prone to weaken (and ultimately nullify)
these stabilizing orbital contributions following an inversion
transition state. The effect of the substitution can be followed
analyzing the same orbital interactions in the transition state.
Indeed, in 1a and 4 no π(NN)→ π*(CC) is present anymore. On
the contrary, in 1b where this interaction is more pronounced
in the ground state of the Z-isomer, it is only slightly weakened
in the rotation TS. As expected this transition state is high in
energy, due to the persistence of the NN double bond
character, which is not prone to rotation. Hence in 1b the
system prefers to isomerize thermally via an inversion
transition state, where the π(NN) → π*(CC) is more intense
due to the better geometrical disposition of the transition
structure.
A broader treatment considering different substitution

patterns, viz., 2-methyl-3-phenylazoindole, the explicit effect
of different solvents on the N lone pair, and the isodesmic
reactions associated with their Z-forms and TSs are presented
in section 6.4 in the Supporting Information.
Feasibility of the Hydrazone Tautomerism in Com-

pounds 1−3. In our previous study, we observed that the
proton availability in the solvent mixture is crucial for the rate
of the Z-to-E relaxation as it facilitates isomerization via the
intermolecular hydrazone pathway.18 However, from the
results reported in Table 1 it appears that 1a is subject to a

steep increase in the Z-to-E thermal reaction rate in the
presence of a protic environment. To reinforce this hypothesis,
we studied the isomerization of the Z-form of compounds 2, 3,
and 4 in a DMSO−water 1:1 solution in the presence of DBU
(1,5-diazabiciclo(5.4.0)undec-7-ene). Addition of DBU of the
thermal reaction in 1a decreased to the nanosecond range;18

however, it did not exert a substantial difference in the Z-form
conversion for compounds 2−4.
Indeed, the optimization of the intermolecular transition

state 1a in the presence of explicit molecules of solvent for the
proton transfer leading to the hydrazone is feasible (ΔG =
+11.9 kcal/mol at the BS-ωB97X-D/TZVP level, see the
Supporting Information).18 On the other hand, the same
calculations for compounds 2−4 could not reach convergence.
The reason for this discrimination relates to the high energy
(ΔG) of formation of the hydrazone in compounds 2, 3, and 4
compared to 1a (−1.12 kcal/mol for 1a versus ca. +13−18
kcal/mol, see Chart 3).
Seeking a correlation between the feasibility of the

hydrazone tautomerism and the structure of the Z-form, we
again decided to use the NBO analysis. We studied the bond

Chart 3. Hydrazone Mechanism Feasibility in Compounds
1−4a

a
ΔG of the simplified tautomerism reaction of compounds 1−4. The
bond orders calculated with the natural resonance theory approach
are given for each Lewis-localized double bond. In the inset, the
reference values for indole and azobenzene are reported.
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orders in the Z-forms and the respective s-cis hydrazone forms
of the molecules, as obtained by applying the natural resonance
theory analysis (NRT) present in the NBO package. NRT
describes the bonding accurately in highly delocalized
molecules, such as the azoindoles. Moreover, it represents
the molecular connectivity as a sum of weighted structures that
are consistent with the qualitative, and chemically more
familiar, Pauling−Wheland resonance theory.49

The substitution with an azo group localizes the double
bonds on the heterocyclic ring in the Z-isomers, compared to
the unfunctionalized indole itself (indeed a resonance structure
in the Z-form weights more than the others, see section 6.1.1 in
the Supporting Information; compare the Z-isomers in Chart 3
with the unfunctionalized indole in the inset). The
tautomerism leads to a gain in energy only for the formation
of s-cis 1a, maintaining the aromaticity in the homocyclic part
of the indole (and slightly strengthening it: cf. the lower bond
orders in the homocycle in s-cis-1a, indicating a greater
delocalization). In all the other examples the aromaticity is
completely lost with the formation of quinoid-like structures
(Chart 3). The same considerations can be derived, albeit less
intuitively, studying the shapes of the HOMO and HOMO−1
orbitals in the hydrazone forms (see section 6.3 in the
Supporting Information and Figures S97−100).
Generalization of the Thermal Isomerization in

Azoindoles. From our analysis of the mono- and multi-
molecular (namely the tautomerism) mechanisms, we can
derive a generalization of the thermal isomerization behavior in
azoindoles (see Chart 4). The functionalization of the indole

with the azo group on the phenyl side (2, 3) leads to switches
similar to electron-rich azobenzenes. The primary mechanism
of Z-to-E conversion is the in-plane inversion, regardless of the
presence of an NH free moiety. The molecule preferentially
follows an inversion TS to minimize the loss of conjugation
between the azo group and the heterocycle. The same concepts
extend to the methylated molecule 1b. The orbital interactions
between the indole and the azo group can be weakened by
removing the methyl affording 1a that, in the absence of protic
solvents, is characterized by a Z-to-E rotation mechanism. The
intramolecular interaction between an explicit molecule of
proton-accepting solvent and the NH can be used to tune the
rotation mechanism further (see Table 1) and in a more in-
depth theoretical treatment in section 6.4 of the Supporting
Information. Attaching the NN core in position 2- (4), on
the other hand, grants unstable PSS upon irradiation, with
extremely fast thermal back-isomerization lifetimes. The main
pathway proceeds through a low-energy rotational TS.
The viability of the hydrazone pathway in NH-containing

switches can be tested comparing the energy difference (ΔG)
between the Z-isomer and the respective s-cis hydrazone. If the

value is greater than 10 kcal mol−1, we can exclude the
tautomerism to occur, the ΔG of formation being comparable
with (and the related ΔG‡ greater than) the ΔG‡ of other
monomolecular rotation. Only in 1a can the hydrazone
pathway be triggered using a protic solvent due to the
energetically favored formation of the tautomer. This pathway
is not feasible for compounds 2, 3, and 4 due to the loss of
aromaticity in the s-cis hydrazone. Indeed, the joint
spectroscopic and computational investigation furnished a
way to discriminate the rotational and hydrazone pathway,
even in the astonishingly fast Z-to-E isomerizing compound 4.

Generalization of the Z-to-E Thermal Isomerization in
Azoheteroarenes. We decided to extend these concepts to a
series of azoswitches differently substituted with heterocyclic
cores (Charts 5 and 6), namelym imidazole (Imid1−3),
pyrrole (Pyrr1−2), indazole (Indaz), benzimidazole (Bzi-
mid), and pyrazole (Pyraz1−3). Both the unsubstituted
(dubbed with a -H) and the methylated (dubbed with a
-Me) forms were computationally studied in their thermal Z-
to-E reaction course, comparing our calculated data with the
experimental ones already present in the literature. Only
Pyraz2-H and Pyraz3-H were not studied as photoswitches so
far.31

We applied the same approach the indoles to study the
viability of the hydrazone tautomerism (see Chart 5). As an
empiric rule of thumb based on the azoindoles, we considered
that the protic exchange equilibrium can be highly feasible with
hydrazones characterized by ΔG of formation <+3 kcal mol−1.
Imid1-H and Indaz-H belong to this category; the latter
resembles the case of 1a with a partial loss of aromaticity. As
the azoindole 1a, Indaz-H possesses very low ΔG values. We
considered the tautomerism probable for ΔG ca. +5−6 kcal
mol−1, although, if present, in competition with other
monomolecular isomerization pathways. This class is repre-
sented by Imidazoles Imid2,3-H and pyrroles. Finally, we
considered ΔG values >+10 kcal mol−1 too high for the
hydrazone equilibrium to occur. Benzimidazoles, which form
quinoid-like structures as 2, 3 and pyrazoles, behave
accordingly.
As expected, the five-membered heterocycles possessing

lower aromaticity are more prone to tautomerize (the
aromaticity follows the following scale: imidazoles ∼ pyrrole
< pyrazole52).
Starting from these premises we summarize in Chart 6 the

main orbital contributions in the azaheterocycles, viz., the
π(NN) → π*(XY) (with X = Y the π bond of the heterocycle
attached to the NN) and two n(N)→ π*(αβ) (with α = β the
π bonds conjugated with the NH or NMe lone pair, in yellow
the one directly attached to the heterocycle, in red the other
one). Refer to Figure S224 for a broader set of data. The
methylated imidazoles are reported to be relatively stable in
their methylated form, and the barriers calculated for the in-
plane Z-to-E inversion pathway match the experimental
values.17,46 The unsubstituted forms, on the other hand,
show faster isomerization rates ascribed to a rotation TS, in the
absence of protic solvent, or to the presence of hydrazone
tautomerism when protic environment is present. The
diminished orbital interactions found are coherent with the
change of monomolecular mechanism. Indeed, this reasoning
can explain the well-documented reactivity in different solvents
of the unsubstituted and methylated Imid139 and the less
investigated Imid2-H and Imid3-H. The same considerations
can be extended to the pyrroles31,53 and indazole. Indaz

Chart 4. Generalization of the Z-to-E Thermal Mechanisms
in Azoindolesa

aThe figure represents the different mechanisms (inversion, rotation,
and hydrazone formation) possible for the different substitution
patterns analyzed.
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represents a striking case on how methylation (or in general N-
substitution) can profoundly influence the thermal reactivity of
heteroaryl azoswitches. Indaz-H is reported to have subnano-
second Z-to-E τ in protic medium,47 probably due to
hydrazone tautomerism, according to our model. On the
other hand, the alkylated form is characterized by lifetimes in
the hour range (or in the days if aromatic substituents are
placed on the N).32

The behavior of Bzimid is similar to the one of 2 and 3,
where the azo group is positioned on the homocyclic side of
the heterocycle. Despite the presence of an unsubstituted NH
in the structure, both the calculations and the experimental
data confirm the choice of an inversion thermal pathway.54,55

Furthermore, our approximation can be used to explain the
otherwise unpredictable behavior of the pyrazoles. The
Pyraz1-3-Me were thoroughly studied and well characterized
in their inversion Z-to-E mechanism, while in the same studies
the unsubstituted derivatives were not investigated, deeming
the Z- isomer unstable for the presence of the NH.31,42 Very
recently, a study on Pyraz1-H confuted this theory, reporting
switches with the τ in the hour range.35 This result is in
accordance with the results derived from our method, which
exclude the viability of the hydrazone tautomerism in this
particular case and predict an inversion mechanism for Z-
Pyraz1-H. Indeed, this molecule is the only one in which the
π(NN) → π*(XY) exactly match in both the methylated and
unsubstituted Z-forms, probably due to a very high
contribution in the n(N) → π*(αβ) interactions (see Chart 6).
Pyraz2-H and Pyraz3-H are predicted to undergo only an

inversion (for the first, that possesses a π(NN) → π*(XY) greater
than Pyraz2-Me) and a rotation mechanism (for the later),
with no possible hydrazone tautomerism. More thorough
investigations on Pyraz2-H and Pyraz3-H will be content of
our future work.

■ CONCLUSIONS

In summary, we investigated a small series of phenylazoindoles,
bearing the azo function on different positions of the indole
core, using a combined spectroscopic and computational
approach. These results allowed to rationalize a series of
criteria able to discriminate both the type of monomolecular
thermal Z-to-E pathway and the possibility of the hydrazone
tautomerism in protic environment. The computational
approach based on natural bond orbitals and natural resonance
theory was followed, granting a better understanding of the
factors behind the choice of the different mechanisms.
The approximations we considered were extended to a series

of azoheterocycles, namely azo-imidazoles, benzimidazole,
pyrroles, pyrazoles, and indazole, both in their unsubstituted
and N-methylated forms. The calculations were found to be
consistent with the experimental data regarding the thermal
behavior of the Z-isomer of the heterocycles above. Hence, we
can conclude then that the approach based on the NBO
analysis we followed can be used to predict the general thermal
behavior of a class of heterocyclic azoswitches, based on their
substitution pattern.
Albeit no attempt was made to analyze the effect of more

electronically complex substituents on the switch, which has to

Chart 5. Feasibility of the Hydrazone Mechanism in Differently Substituted Azaheterocycles ΔG Of the Simplified
Tautomerism Reaction of Different Heterocyclic Azocompoundsa

aThe bond orders calculated with the natural resonance theory approach are given for each Lewis-localized double bond.
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be treated as individual cases for each heterocycle, we were
able to derive a series of chemically intuitive approaches that
can be relevant in the de novo design of new scaffolds. In
particular, the NRT analysis on the Z-form of the switch is
useful to estimate the feasibility of the hydrazone tautomerism,
according to product and reagent electronic distributions.
Moreover, the NBO analysis of the Z-isomer reveals the
electronic nature of the thermal stability of a structure. We are
confident these findings will be useful to broaden in number
and applicability the class of heterocyclic-substituted azos-
witches.

■ ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpca.8b11734.

General information, synthetic procedures, spectro-
scopic analysis, NMR spectra, HPLC traces, and
computational analysis (PDF)

■ AUTHOR INFORMATION

Corresponding Authors

*E-mail: fagnoni@unipv.it.

Chart 6. Generalization of the Thermal Z-to-E Isomerization in Different Heterocyclesa

aFor each heterocyclic structure, the thermal lifetime (wherever present) is cited. The preferred isomerization pathway is given as R (rotation), H
(hydrazone), or I (inversion). The ΔG‡ of the monomolecular pathway is reported (hence, when more than one thermal mechanism is viable,
namely, both rotation and inversion, only the rotation TS free energy of activation is reported). The main E(2) considered for the analysis are also
furnished.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b11734
J. Phys. Chem. A 2019, 123, 1814−1823

1821

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpca.8b11734
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.8b11734/suppl_file/jp8b11734_si_001.pdf
mailto:fagnoni@unipv.it
http://dx.doi.org/10.1021/acs.jpca.8b11734


*E-mail: burkhard.koenig@chemie.uni-regensburg.de.

ORCID

Burkhard König: 0000-0002-6131-4850

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank the Consortium CINECA-SCAI for the computa-
tional hours granted (project HP10C8U1NY). N.A.S. thanks
the Studienstiftung des Deutschen Volkes for a Ph.D.
scholarship. A.B. thanks B. Sammartino for inspiration for
the work, while S.C. thanks Dr. Davide Ravelli for fruitful
discussions.

■ REFERENCES

(1) Bandara, H. M. D.; Burdette, S. C. Photoisomerization in
Different Classes of Azobenzene. Chem. Soc. Rev. 2012, 41, 1809−
1825.
(2) Molecular Switches; Feringa, B. L., Browne, W. R., Eds.; Wiley-
VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2011.
(3) Hartley, G. S. The Cis-Form of Azobenzene. Nature 1937, 140,
281.
(4) Liu, X.-M.; Jin, X.-Y.; Zhang, Z.-X.; Wang, J.; Bai, F.-Q.
Theoretical Study on the Reaction Mechanism of the Thermal Cis −
Trans Isomerization of Fluorine-Substituted Azobenzene Derivatives.
RSC Adv. 2018, 8, 11580−11588.
(5) Dokic,́ J.; Gothe, M.; Wirth, J.; Peters, M. V.; Schwarz, J.; Hecht,
S.; Saalfrank, P. Quantum Chemical Investigation of Thermal Cis-to-
Trans Isomerization of Azobenzene Derivatives: Substituent Effects,
Solvent Effects, and Comparison to Experimental Data. J. Phys. Chem.
A 2009, 113, 6763−6773.
(6) Conti, I.; Garavelli, M.; Orlandi, G. The Different Photo-
isomerization Efficiency of Azobenzene in the Lowest Nπ* and Ππ*

Singlets: The Role of a Phantom State. J. Am. Chem. Soc. 2008, 130,
5216−5230.
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