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Photopharmacology is a field of medicine and pharmacology that uses light to selectively activate or deactivate

pharmaceutical agents. This approach significantly enhances and localizes the drug action and, therefore, reduces its side

effects. Apart from the bioactive moiety, any photopharmacological compound should contain a photoactive group that

must absorb light at the desired wavelength and reorganize the molecular structure after photoactivation. The design of an

effective photopharmacological compound requires careful tuning of physical, chemical, and biological properties. The

present review summarizes and analyzes the main approaches to the molecular design of photopharmacological drugs based

on azobenzene or azoheteroarenes. The main ideas and methods used for tuning spectral and photochemical properties of

compounds of this class are discussed. A comparative analysis of main computational methods for their in silico screening is

carried out; the most common approaches to the synthesis of azobenzenes and azoheteroarenes derivatives are systematized.

Special attention is given to the methods and approaches that are specific to the molecular design of photopharmacological

compounds with required physicochemical and photochemical properties.
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1. Introduction

Photopharmacology 1 ± 14 is a new rapidly evolving field of

science at the intersection of physiology, medicine, and

pharmacology, which uses drugs with light-regulated bio-

logical activity. Such light regulation increases the local-

ization of drug action and decreases its negative side effects.

Although nowadays such drugs are not yet used in clinical

practice, researchers have demonstrated the possibility of

photopharmacological control for a number of important

biological objects in the cell, including G-proteins,15 ± 17

ionotropic receptors,18 ± 20 ion channels,3, 4, 18 cytokines,21

DNA, and RNA.22 Experimental studies show the possibil-

ity of applying the concept of photopharmacology to design

photocontrolled analgesic drugs,23, 24 photocontrolled anti-

biotics,25 photohormones,26 drugs for cancer photochemo-

therapy,27 for the treatment of neurodegenerative

disorders,28 and for restoration of the visual function of

the degenerated retina.29, 30 A change in the structure of a

photopharmaceutical drug after light irradiation, which can

be either reversible or irreversible, occurs, for example, in

the presence of photoremovable protecting groups 31, 32 or

genetically encoded photoswitchable amino acids.33 Most

often, in the design of these drugs, fragments of molecular

photoswitches, i.e. compounds which can be reversibly

converted from one form to another upon photostimulation

at specified wavelengths, are introduced into the molecule.

To date, most of the proposed photopharmaceuticals

include a photoswitchable azobenzene or azoheteroarene

scaffold.

The objective of the present review is to systematize and

compile information on the molecular design and synthesis

of photopharmacological drugs based on azobenzenes and

azoheteroarenes. The data essential to have an insight into

the synthesis of these compounds are presented. Classical

approaches to the drug design are available in numerous

reviews and monographs (see, e.g., Refs 34 ± 39). General

description of properties of azobenzene and azoheteroarene

switches and the examples of their practical application can

be found in reviews.40 ± 44

2. Specific features of molecular design of
photopharmacological compounds in comparison
with regular drugs

One of the modern concepts of pharmacology as a science of

developing novel pharmaceutical drugs is based on the

interaction between a biotarget (protein, DNA, or another

biomolecule involved in the corresponding metabolic or

signalling processes in the body) and a ligand. The ligand,

which is considered to be a potential drug, must bind to the

desired biotarget. The binding affinity between the ligand

and the biotarget, along with other factors, determines the

drug efficacy (maximum possible therapeutic effect) and

activity, usually characterized by the value of EC50 (con-

centration which can induce a response equal to 50% of the

maximum response). The absence of biological response

towards other potential targets determines the drug selec-

tivity.

However, the presence of biological activity is not the

only requirement for the development of a potent drug. The

design of a medicinal agent often imposes additional

restrictions on the physicochemical and biochemical proper-

ties of a potential drug, which correlate with the pharma-

cokinetic characteristics. These properties include hydro-

philicity and lipophilicity, resistance to biochemical proc-

esses occurring in the body, etc.

When developing photopharmaceutical drugs, the fol-

lowing factors should be taken into consideration.

1. The affinity of photopharmacological agents to a

biological target should differ for the deactivated and

activated forms. (Ideally, it should be equal to zero for the

deactivated form).

2. For possible therapeutic use, photopharmacological

drugs should absorb light in the range of optical trans-

parency of biological tissues (in a wavelength range of

650 ± 1450 nm).
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3. When the photostationary equilibrium is established,

the concentration of the active form of the drug (which is

usually thermodynamically less stable) should be sufficient

for the therapeutic effect. The photostationary equilibrium

which can be achieved upon light irradiation at a specific

wavelength is determined by quantum yields of the forward

and reverse photoisomerization, the energy barrier of ther-

mal transition from one form to the other, temperature, and

the difference between the absorption coefficients of iso-

mers at the given wavelength (Fig. 1). Therefore, an indis-

pensable condition is a difference between the absorption

spectra of different isomers at the working wavelength, i.e.

either the band centres should be shifted relative to each

other, or the intensity of the bands should be very different.

4. To localize the action of a photopharmacological

drug, it is necessary that the active form (that is thermody-

namically less stable) appears only after irradiation and that

its concentration is optimal when thermodynamic equili-

brium is reached. This condition places a restriction on the

Gibbs energy difference between the E- and Z-forms of the

drug.

5. Also, deactivation of the active drug form after a

certain period of time is desirable so that to avoid the

spread of the substance in its active state beyond the zone of

therapeutic action. However, if the deactivation rate is too

high, the desired concentration of the active form would not

be achieved at the photostationary equilibrium. Therefore,

it is necessary to find the optimal rate of thermal isomer-

ization (reaction energy barrier) from the thermodynami-

cally less stable form to the more stable form.

3. Specific features of molecular design of
photoswiches for photopharmacological
applications in comparison with photoswitches for
other fields

Since photopharmacological agents are generally used in

water-soluble media at physiological pH and they, most

often, contain heteroatoms, the acid ± base characteristics of

the molecule are significant for drug development. The

functional groups introduced to tune any biological, chem-

ical, or physical properties can change the pKa values of the

acid ± base groups present in the molecule and thereby alter

all characteristics of the drug. As will be seen from the

following analysis of examples of the design of potential

photopharmacological drugs, this effect can not only be

used to attain the desired characteristics but also become an

obstacle to achieve required properties.

The structure of proposed photoswitches is restricted by

requirements to the size of molecules of potential pharma-

ceutical drugs (usually up to 500 atoms), their hydrophilic-

ity and lipophilicity,45 and the absence of toxicity. For

example, it is not recommended to use bulky supramolecu-

lar complexes, compounds with a large number of benzene

rings and extended hydrocarbon chains or those containing

toxic metals as the scaffolds.

A photopharmacological drug must be stable to bio-

chemical processes occurring in vivo. It is not always

possible to predict the effect of the cellular environment

on the stability of a drug, and often the problems can be

identified only in the stage of the in vivo trials. However,

certain properties of the compounds can be identified in

advance. For azobenzene- and azoheteroarene-based drugs

such properties include mainly resistance to hydrolysis and

to the reduction by thiols contained in the body.

4. Spectral, photochemical and acid ± base
properties of azobenzene

The physicochemical and spectral characteristics as well as

the acid ± base and kinetic properties of azobenzenes and

azoheteroarenes are strongly influenced by the nature of

substituents and heteroatoms contained in the molecular

photoswitch. As a basic compound for design, it is conven-

ient to choose azobenzene (1), the properties of which are

well studied.46 ± 50

The absorption spectrum of the E(trans)- and Z(cis)-

isomers of compound 1 (Scheme 1; for explanation of the

designations, see below) in ethanol exhibits two broad

bands, the fitting of which to Gaussian functions (see

below) 46 reveals the vibronic structure.

A low-intensity band was detected in the visible region

corresponding to a series of electronic vibrational n ? p*
transitions [the wavelength corresponding to maximum

light absorption: (lmax)& 443 nm for the E-isomer and

&432 nm for the Z-isomer], while in the ultraviolet region

more intense band appeared corresponding to a series of

electronic vibrational p ? p*-transitions (lmax& 320 and

281 nm for the E- and Z-isomers, respectively, Fig. 2).47

The frontier orbitals for E- and Z-azobenzenes are

depicted in Fig. 3. The highest occupied molecular orbital

A*

A

B

B*

hn0hn

Photoisomerization

Reverse thermal

isomerization

Figure 1. Scheme of a photocycle for a molecular photoswitch. A,
A* and B, B* are the ground and excited states of the two forms of
the photoswitch. Upon photon absorption, the switch is converted
from the thermodynamically more stable form A to the thermody-
namically less stable form B, activating the pharmacological agent
bound to the molecular photoswitch. The reverse transition from
the photoactivated active form B to the thermodynamically more
stable inactive form A is performed via thermal isomerization or via
photoactivated path.

N N

N
N

(E)-1 (Z)-1

DG= 10±12 kcal mol71

Scheme 1

Isomer lmax (pp*), l(np*), F (lex, nm) 50

nm (see 47) nm (see 47)

(E)-1 320 443 0.135 (313); 0.315 (436)

(Z)-1 281 432 0.328 (313); 0.469 (436)
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(HOMO) of azobenzene is a s-orbital located on the azo

nitrogen atoms. The HOMO-1 orbital, preceding in energy

to the HOMO, and the lowest unoccupied molecular orbital

(LUMO) are p-orbitals. The transition from the ground to

the first excited singlet state S0? S1 (np*-transition) in

(E )-azobenzene is symmetry-forbidden due to the planar

geometry; it appears in the spectrum as a very weak band

due to vibrational deformations. The intensity of S0? S1
(np*) transition for the Z-form is higher due to the defor-

mation of the planar geometry. The S0? S2 (pp*) transi-

tions are much more intense than S0? S1 (np*) for both the

E- and Z-isomers of azobenzene. In this case, the intensity

of the S0? S2 (pp*) transition for the E-form exceeds that

for the similar transition of the Z-form.

One of the most detailed studies of the azobenzene

spectrum was reported by VetraÂ kovaÂ et al.46 It was demon-

strated that the spectrum of Z-azobenzene in ethanol can be

approximated by three Gaussian functions with the follow-

ing maxima [given in parentheses is the molar absorption

coefficient (e) in L mol71 cm71]: 281.1 (5000), 425.2 (1050),

and 453.4 nm (510); while the approximation of the absorp-

tion bands for the E-isomer requires six Gaussian functions

with maxima at the following wavelengths: 280.5 (30 500),

304.3 (13 120), 324.0 (17 780), 332.6 (3530), 346.1 (5440),

and 443.3 nm (460).46

The E-isomer of azobenzene is thermodynamically more

stable than the Z-isomer [the Gibbs energy difference (DG)
between the two forms of the molecular photoswitch is

10 ± 12 kcal mol71]. In the dark (E )-azobenzene is virtually

the only isomer (its content exceeds 99.99%).48 It was

shown that the quantum yield (F) of photoisomerization

of both E- and Z-azobenzenes is higher upon excitation at

the n ? p* band than at the p ? p* band:

FE?Z (313 nm)=0.130, FZ?E (313 nm)=0.328;

FE?Z (436 nm)=0.315, FZ?E (436 nm)=0.469; the

measurements were performed in methanol at 25 8C.50 The
quantum yields depend on the excitation wavelength (given

in parentheses), temperature, and viscosity of the solvent. It

was demonstrated that after the optical transition of the Z-

and E-isomers of azobenzene into the first excited state,

deactivation proceeds through the conical intersection

between two electronic states S1/S0 and can follow two

pathways leading either to the isomerized product or back

to the substrate.43, 51 Deactivation of the second excited

state proceeds in two steps. It includes the transition to the

S1 surface through the S2/S1 conical intersection and the

subsequent transition to the S0 surface via two possible

pathways:

Ð through the S1/S0 conical intersection leading either

to the product or to the substrate;

Ð through an alternative S1/S
�
0 conical intersection,

which leads exclusively to the product.

Thus, the quantum yields of isomerization reactions

upon the excitation of azobenzene to S1 and S2 states are

different.

Z-form of azobenzene may be generated by photoacti-

vating both n ? p* and p ? p* transitions. However, the

following factor should be borne in mind when developing

photopharmacological drugs: the n ? p* band can be used

for activation in the visible region, but the strong overlap of

these bands for Z- and E-azobenzenes and low band

intensity [eE (436 nm)=486.2� 0.3 Lmol71 cm71;

eZ (436 nm)= 1402� 23 L mol71 cm71] precludes attain-

ing the Z-isomer concentration required for physiological

effect in the absence of an intense light source. The bands of

the p ? p* transition of the Z- and E-isomers are fairly well

separated, and, besides, the band of the E-form is much

more intense [eE (313 nm)=22 337.4� 1.0 L mol71 cm71;

eZ (280 nm)=4976� 59 L mol71 cm71]. Thus, the desired

concentration of the Z-form can be attained in the photo-

stationary equilibrium. However, the p ? p* bands are

located in the UV region of the optical spectrum, which is

unacceptable for photopharmacological applications

because of the low permeability of biological tissues and

its high toxicity. Fischer 52 showed that upon continuous

irradiation at 313 and 436 nm, the relative photostationary

concentrations of the Z-form (80 and 10%, respectively) are

attained.

There are two known mechanisms of azobenzene ther-

mal isomerization, involving

Ð a biradical transition state, in which the p-electron
pair of the azo group double bond splits and each electron is

located on one of the nitrogen atoms. The order of the

N=N bond decreases and rotation about this bond

becomes possible;

0

5

10

10

20 . 103

e, M71 cm71

300 400 500 lmax , nm

1
2

Figure 2. Absorption spectra of E- (1) and Z-forms (2) of azo-
benzene (1). The figure was composed by the authors using data of
Ref. 49.

a b

trans-Azobenzene cis-Azobenzene

p ±p* p ±p*

s ±p*
s ±p*

Figure 3. Electron transitions between HOMO, HOMO-1, and
LUMO for trans- (a) and cis-isomers (b) of azobenzene.
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Ð a charge transfer transition state. In this case, the

p-electron pair of the azo group double bond is located on

one of the nitrogen atoms to form a lone pair, which results

in an inversion at this atom.

The relative energy of the transition states can vary

depending on the substituents and(or) the solvent. Isomer-

ization can occur by either of these two mechanisms or by a

mixed mechanism if both transition states have similar

energies. Based on the results of computational modelling,

the possibility of nonradiative transition from the ground to

the triplet (T1) state and isomerization via the triplet state

was demonstrated.53 However, this assumption has not

been confirmed as yet.

Azobenzene is a very weak base (pK E
a =72.6,

pKZ
a =71.6), and the spectrum of its protonated form

can be obtained only in strongly acidic solutions.54

5. Main approaches to the design of azobenzene
derivatives with optimal properties for
photopharmacological applications

5.1. Optimization of spectral properties
For photopharmacological applications of molecular

switches based on azobenzene derivatives, one should attain

either bathochromic shift of the p ? p* bands while retain-

ing the difference in their intensities or better separation

and increase in the intensities of the n ? p* bands for the

Z- and E-isomers. In practice, both approaches are

employed.

The following main strategies for the shift of the p ? p*
transition band to longer wavelengths have been proposed:

Ð introducing electron-donating and electron-with-

drawing substituents to the benzene rings;

Ð applying p-excessive or p-amphoteric azoheteroar-

enes, containing nitrogen or sulfur atoms;

Ð changing the pKa values of the azo group nitrogen

atoms via introducing substituents into the azobenzene

scaffold and generation of the azonium cation at physio-

logical pH;

Ð changing the pKa values of heteroatoms other than

the nitrogen atoms of the azo group.

To separate the bands of the n ? p* transitions for the

Z- and E-isomers so that to use these bands as working

ones, two approaches are used.

1. Deformation of the planar geometry of azobenzene

changes the energy of s-orbitals of the azo group in the

E- and Z-forms, contributing to the separation of the

n ? p* bands, and also increases the intensities of the

n ? p* bands. This approach has been implemented for

the derivatives of dihydrobenzodiazocine, bridged azoben-

zene, and its hetero analogues.

2. Substitution at the ortho-position of the benzene ring

relative to the azo group facilitates the separation of the

n ? p* absorption bands of the E- and Z-isomers due to

electronic effects. In this case, it is necessary to achieve

different effects of substituents on the energy of the azo

group s-orbitals in the E- and Z-isomers.

5.1.1. Introduction of electron-donating and electron-withdrawing

substituents into azobenzene

The substituent effect on the shift of the p? p* bands of

azobenzene is well studied; this effect is often used in the

design of photoswitches (Figs 4, 5; Table 1, 2).47, 55 ± 67 For

the development of photopharmacological drugs for clinical

practice, it is important that the introduction of an electron-

donating substituent into aromatic ring conjugated to the

azo group shifts the p ? p* band to longer wavelengths.

The presence of the electron-withdrawing substituent in the

other aromatic ring, also conjugated to the azo group,

further enhances this effect. In the spectra of push-pull

compounds, the red shift of the p ? p* band to

400 ± 470 nm can be observed.

320 348 363 407 l, nm

N
N

N
N

I

N
N

F

N
N

N
N

NO2

N
N

O2N

N
N

O
Et

N
N

H2N

N
N

N
N

N

N

Et

Et

Figure 4. Effect of substituents in monosubstituted azobenzenes on the position of the
p?p* band (see Table 1).

Table 1. Positions of p? p* bands in the absorption spectra and
lifetimes for the Z-isomer of monosubstituted azobenzenes
(RC6H4N=NC6H4).

R lmax, nm Solvent t1/2, h (T, 8C) a Ref.

H 320 (443) b Ethanol 7 48

3-Me 322 Ethanol 7 48

4-F 323 (440) Ethanol 7 48

3-NO2 326 Ethanol 7 48

4-I 331 (445) Ethanol 7 48

4-NO2 338 (474) Ethanol 7 48

4-OEt 348 (434) Ethanol 7 56

4-NH2 363 Cyclohexane 2 (35) 58

4-NMe2 390 Cyclohexane 8.1 (25) 58

4-NEt2 407 Cyclohexane 0.5 (25) 58

Note. Here and in Table 2 the dash indicates that no data are available.
a The lifetime (the halflife period) of the unstable Z-isomer;
bWavelength of the p ± p* transition (in parentheses, n ± p* transition
wavelength).
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5.1.2. Azoheteroarenes

The replacement of the benzene ring of azobenzene with

heteroaromatic rings offers new opportunities for the design

of molecular photoswitches. The p ? p* bands in the

electronic absorption spectra of the E- and Z-isomers of

azoheteroarene-containing p-excessive or p-amphoteric het-

erocycles are red-shifted as compared to similar bands of

azobenzene. The replacement of the benzene ring with

p-deficient aromatic heterocycles results in blue shift of

these bands. Figure 6 shows heterocycles 40 that are most

frequently used for the design of photopharmacological

drugs. Currently, a large number of azoheteroarene-based

switches with variation of both the heterocycles and sub-

stituents have been proposed.68 ± 74 In this Section, we

address a molecular photoswitch the spectra of which

exhibit the most pronounced red shift of the p ? p* band

relative to the analogous azobenzene band. Crespi et al. 40

proposed a more detailed review of other azoheteroarene

derivatives.

Weston et al.75 studied the photochemical properties of

an azopyrrole photoswitch, namely, 1,3,5-trimethyl-2-(phe-

nyldiazenyl)-1H-pyrrole (2). According to the p-excessive

320 346 369 410 470 l, nm

N
N
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N
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N
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O

N
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O
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O

N Et

N

H

N

Cl
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N

N
N

HO
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Figure 5. Effect of substituents in disubstituted azobenzenes on the position of the p ? p* band in the absorption spectra (see Table 2).

Table 2. Positions of the p? p* transition bands in the absorption
spectra and lifetimes for the Z-isomer of disubstituted azobenzenes
R1C6H4N=NC6H4R2.

R1 R2 lmax, Solvent t1/2 (T, 8C) a Ref.
nm

H H 320 Ethanol 7 48

(443)

4-Cl 4-Cl 331 Cyclohexane &10.3 h (35) 58

2-Et 2-Et 334 Toluene &1.4 days (25) 59

4-CH2OH 4-CH2OH 346 Dichloro- &0.5 h (25) 63

methane

4-OMe 4-OMe 358 Toluene &9.5 h (25) 59

4-NHC(O)Et 4-NHC(O)Et 364 7 &5.2 h (25) 62

2-OMe 2-OMe 364 n-Heptane &7 days (25) 59

4-OMe 4-NO2 369 Cyclohexane &51 ms (25) 66

4-NH2 4-NH2 394 7 &4.7 min (25) 62

4-NMe2 4-Cl 410 Cyclohexane &4.3 h (25) 58

4-NMe2 4-SOÿ3 420 Acetone &1 h (25) 59

4-NHPh 4-NO2 436 Cyclohexane &1.7 ms (25) 66

4-NMe2 4-NO2 470 See b 7 65

a Lifetime (half-life period) of the unstable Z-isomer; b a mixture of

methylcyclohexane and methylcyclopentane.
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the design of molecular
photoswitches for photo-
pharmacological appli-
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(E)-2

N

N
N

t1/2 = 21 s (see 75)

Structure 2

Izomer lmax(pp*), e, lmax(np*), e,
nm L mol71 cm71 nm L mol71 cm71

(E )-2 394 28200 430 7
(Z)-2 346 7000 479 6000
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character of pyrroles, the p ? p bands of the E- and

Z-forms in the spectrum of this compound in acetonitrile

are red-shifted compared to those for azobenzene.

However, because of the significant overlap of these

bands and their overlap with the n ? p* bands, only partial

photoseparation of the E- and Z-forms was achieved: the

conversion rate (the content of the resulting Z-isomer,

GE?Z) was 85� 3% when the compound was irradiated at

415 nm.

5.1.3. Protonation of the azo group nitrogen atoms. Azonium

cations

As noted above, azobenzene is a very weak base,54 however,

the substitution of aromatic rings can seriously alter the

acid ± base properties of compounds.

The absorption spectrum of the azonium cation was

obtained in aqueous ethanol with a high content of sulfuric

acid,54, 56 and also in the gas phase.76, 77 The spectrum

consists of three electronic vibrational bands

[lmax(S0 ? S1)= 435 nm,76, 77 lmax(S0 ? S2)=405 nm,76

lmax(S0 ? S3)= 390 nm 76]; the first band, in contrast to

the absorption bands of the unprotonated azobenzene, is

highly intense. It was shown that the first electronic vibra-

tional band of the azonium cation corresponds to the

p ? p* transition, the maximum of which is considerably

red-shifted in comparison to the p ? p* transition band of

azobenzene. This shift becomes possible due to two fac-

tors:76

Ð the energy of the s-orbital of azobenzene after

protonation is significantly decreased and the p-orbital
becomes the HOMO;

Ð the energy of the LUMO p-orbital decreases because
of the delocalization of the positive charge over the con-

jugated p-system.

Two other groups of electronic vibrational transitions

correspond to p ? p* transitions with the charge transfer

from HOMO-1 and HOMO-2, which are localized on one of

the benzene rings, to LUMO (Fig. 7).76 Therefore, proto-

nation of the nitrogen atom of the azo group can be used to

develop a molecular switch with red-shifted absorption

spectrum. This will be accompasnied by weakening of the

N=N bond and, consequently, decrease in the lifetime of

the thermodynamically less stable form.

Samanta et al.78 demonstrated that substitution of all

four ortho-positions of amino-substituted azobenzene with

methoxy groups provides a high concentration of the pro-

tonated form of the E-isomer of the azonium cation at

physiological pH (pK E
a = 7.2). The absorption maximum

for the band of the protonated form of compound 3, 1,2-

bis(2,6-dimethoxy-4-piperidinophenyl)-1-diazenium cation

(3 .H+), is red-shifted (lmax=560 nm). Meanwhile, the

concentration of the protonated form for the Z-isomer at

physiological pH is significantly lower (pK Z
a = 5.7).

Although the measured lifetime of the Z-form was 10 s (at

pH 7.5), owing to high intensity of the absorption band

(e=20 000 L mol71 cm71 at 600 nm, pH 7), it is posssible

to reach the photostationary equilibrium upon red light

irradiation (l=635 nm, 80 mW cm72 power density)

within *1 s.

Dong et al.41 studied a set of aminoazobenzene deriva-

tives bearing methoxy groups in meta- and ortho-positions

of the benzene ring. The main purpose of this study was to

examine the possibility of attaining the largest red shift of

the absorption bands. First, the authors relied on the

empirical rule that the introduction of a methoxy group

into the meta-position should result in a red shift of the

absorption bands. The fact of this shift was confirmed

by quantum chemical calculation using the TD-B3LYP/

6-31++G**//B3LYP/6-31++G** method. Among four

synthesized compounds, the maximum red shift

(lmax=670 nm) was found for the protonated form of

compound 4 bearing terminal glutathione moieties (g-glu-
tamyl-cysteinyl-glycine tripeptide). However, the use of

such a switch at physiological pH is hindered due to the

low pKa value (5.4) of the E-isomer of the azonium cation

4 .H+. Moreover, a sharp decrease in the Z-isomer lifetime

(<1 ms) was observed, making it impossible to reach the

Z-state without the use of very intense light.

In a recent study, the same research group 79 suggested

combining both approaches described above and substi-

tuting all ortho- and meta-positions of the benzene rings

with methoxy groups. Since the preliminary computa-

tional modelling demonstrated that steric interaction

between the adjacent methoxy groups in ortho- and meta-

positions of one ring results in loss of the conjugation

between the lone pair of oxygen atoms of the methoxy

groups and the main p-system of the switch, the authors

prepared an azobenzene derivative in which adjacent oxy-

gen atoms in ortho- and meta-positions of the benzene ring

formed a dioxane ring. The preliminary calculations

(TD-B3LYP/6-31+G**//B3LYP/6-31+G method) indi-

cated the presence of the necessary red shift in the

absorption spectrum. For the further tuning of this spec-

trum and changing the pKa value, the possibility to

introduce various amino groups into the para-position of

the benzene rings was considered. Below we present the

structure and main characteristics of one of the newly

synthesized compounds, namely, azobenzene 5. The

authors not only succeeded in attaining an intermediate

shift of the absorption band of the azonium cation to

longer wavelengths (lmax= 597 nm) in comparison to the

spectra reported in two preceding studies,41, 78 but also

obtained the value of pKa= 6.7, which means that 25% of

molecules at physiological pH = 7.2 are in the protonated

state. Due to high molar absorption coefficient of the

azonium cation of this compound (138 000 L mol71 cm71

at 600 nm), the photostationary equilibrium can be

attained within 0.1 s upon exposure to LED irradiation

with a maximum emission at 720 nm (power density of

17 mW cm72). The period of thermal relaxation for the

compound was measured to be 0.7� 0.1 s.

HOMO-2 HOMO-1 HOMO LUMO

Figure 7. Molecular orbitals of the protonated form of azoben-
zene.
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5.1.4. Protonation of other heteroatoms

Protonation of heteroatoms other than the azo group nitro-

gen atoms can also seriously alter the photochemical prop-

erties of a molecular photoswitch. In some cases, its

characteristics can deteriorate, which must be taken into

account when designing photopharmacological drugs.

Weston et al. 80 proposed a photoswitch based on

imidazole core Ð (E)-1,2-bis(1-methyl-1H-imidazol-2-

yl)diazene (6) (Scheme 2). The preliminary design of this

switch was performed based on computational modelling of

the structure and absorption spectra using the density

functional theory method [CAM-B3LYP/6-311G(2df,2p)//

B3LYP/6-31G(d,p)]. It was shown that for unprotonated E-

and Z-forms of azoimidazole 6, a good separation of the

p ? p* bands and a noticeable red shift of the absorption

band compared to azobenzene spectrum should be

observed. Such a molecular switch was synthesized and its

photochemical characteristics were studied. It turned out

that at pH 9, the spectral bands of neutral E- and Z-iso-

mers, corresponding to p ? p* transitions, were well-

resolved in the positions of the maxima, differed in inten-

sity, and red-shifted in comparison to the azobenzene

spectrum, as was predicted by the computational modelling

(lEmax =405 nm, lZmax =350 nm). The lifetime of the neutral

Z-form was 16 s. These parameters provided the stable

photostationary state at pH 9 for this compound with the

significant predominance of the metastable Z-form: GE?Z

(408 nm)=90� 3%. Moreover, a reverse photoswitching

effect at a different wavelength was found. The n ? p*
transition of the neutral Z-isomer of compound 6

(lZmax =495 nm, e=8000 L mol71 cm71 at pH 9) was

much more intense than the similar transition of (Z)-azo-

benzene (see Fig. 2), thereby providing more efficient

reverse transformation of the Z-isomer into the E-form

than that in azobenzene (1).

However, all effects described above disappear at phys-

iological pH. The absorption bands for the protonated Z-

and E-forms of azoimidazole, 1-methyl-2-[(1-methyl-1H-

imidazol-2-yl)diazenyl]-1H-imidazolium cation (6 . H+), sig-

nificantly overlap, making the Z?E-photoswitching

impossible. It should be noted that in contrast to protona-

tion on the azo group nitrogen atom, the lifetime of this

protonated Z-form of compound 6 increases to 352 s as

compared to the unprotonated form. The pKa values of E-

and Z-forms were determined by photometric titration.

Relying on these data, it can be concluded that photoswitch

6 can find application as a photomodulated acid or base.

However, this is not enough for photopharmacological

applications since protonation of the the heteroatom results

in the loss of the photoswitching function at physiological

pH.

5.1.5. Steric effect of substituents in isomers. Bridged azobenzenes

(dihydrobenzodiazocines)

The use of bridged derivatives of azobenzene, namely,

dihydrobenzodiazocines 7 ± 10, due to the significant defor-

mation of the planar geometry of the molecule, makes it

possible not only to shift the n ? p* absorption of both E-

and Z-isomers to longer wavelengths and to increase the

absorption intensity, but also to attain a significant reso-

lution of these bands in absorption spectra.81, 82 Besides, a

unique feature of this type of switches is that the Z-isomer

is more thermodynamically stable than the E-form. Sie-

wertsen et al.81 showed that for dihydrobenzodiazocine 7 in

n-hexane, lmax(np*) is 404 and 490 nm for the Z- and

E-isomers, respectively (Scheme 3). The Z ? E-conversion

was accomplished using a light-emitting diode with

lex= 385 nm and power (W ) of 400 mW, with GZ?E

being & 92%. The reverse switching from E- to Z-form

can be driven either by photostimulation with a light-

emitting diode at lex= 520 nm (GE?Z& 100%) or under

thermal conditions. In the latter case, t1/2= 4.5� 0.1 h at

28.5 8C. When hetero analogues 8 ± 10 were used, the

absorption maximum for the E-isomer was shifted to

559 nm.83, 84 Below are the photochemical characteristics

of the mentioned compounds (DErel is the energy difference

between Z- and E-isomers).
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5.1.6. Electronic effect of substituents in isomers

Beharry et al. 44 studied the influence of ortho-methoxy

groups in benzene rings on the spectral properties of 4,40-
diacetamidoazobenzene in dimethyl sulfoxide. Although the

p ? p* band in the spectrum of (E)-2,20-dimethoxy-4-40-
diacetamidoazobenzene demonstrated the expected red

shift, in the case of 4,40-diacetamido-2,20,6,60-tetramethoxy-

azobenzene (11), the p ? p* band was blue-shifted and

had moderate intensity (lmax= 338 nm, eE=
16 170 L mol71 cm71) in comparison to the spectrum of

unsubstituted 4,40-diacetamidoazobenzene. Here, for the

n ? p* band, a significant red shift and increased intensity

(lmax=480 nm, eE=4030 L mol71 cm71) were observed.

A study of the optical properties of compound 11 revealed

that in the spectrum of Z-isomer, the n ? p* band is blue-

shifted by 36 nm compared to that for the E-isomer.

A similar, albeit much less pronounced effect was also

observed by other researchers. Thus, studies 85, 86 were

focused on the spectral properties of azobenzenes bearing

four ortho-alkyl substituents. The resolution of n ? p*
absorbances of the E- and Z-isomers allowed for the use

of 4,40-diacetamido-2,20,6,60-tetramethoxyazobenzene (11)

as a molecular switch that was photoactivated in both

directions; the following values were obtained: GE?Z=

80% (530 ± 560 nm) and GZ?E=85% (450 ± 460 nm).

Assuming that compound 11 could find photopharmaco-

logical application, the authors also studied its spectral and

photochemical properties in a phosphate buffer solution

(25 mM, pH 7). It was shown that the desired properties

were preserved and the switch could be used in aqueous

solutions at physiological pH: GE?Z=70%

(530 ± 560 nm), GZ?E=80% (450 ± 460 nm) at 25 8C.
The lifetime of the Z-form of switch 11 in an aqueous

solution (t1/2= 53 h) was measured and its acid ± base

properties were studied (pKa= 3.8). Beharry et al.44 dem-

onstrated the insufficient stability of this compound under

glutathione reduction conditions, which may impede its

in vivo application. To explain the shift of the n ? p*
band, a computational modelling (the TD-B3LYP/6-

31G*//B3LYP/6-31G* method) of the electronic spectra

of compound 11 and its analogue containing no ortho-

methyl groups was carried out. A considerable shift of the

n ? p* band in the spectrum of (E )-4,40-diacetamido-

2,20,6,60-tetramethoxyazobenzene (11) in comparison to

the spectrum of (E )-4-40-diacetamidoazobenzene and the

virtual absence of the difference between the spectra of the

same compounds existing in Z-forms can be attributed to

stronger interaction between the s-orbital located on the

azo group (HOMO) and lone pair orbitals of the oxygen

atom of the methoxy group in the E-isomer as compared

to the Z-form.

A similar strategy of changing the s-orbital energy via

introducing a s-electron-withdrawing group into the ortho-

position was used when designing photoswitches based on

tetra-ortho-halo-substituted azobenzenes.87, 88 BleÂ ger

et al.87 studied spectral and photochemical properties of

2,20,6,60-tetrafluorobenzene (12). The spectrum of the

E-form of tetrafluoro-substituted azobenzene in acetonitrile

and other solvents differs insignificantly from that of the

E-form of azobenzene [lmax (pp*)=305 nm,

lmax (np*)=458 nm]. However, for the n ? p* absorption

band of the E-form, a 42 nm blue shift was found. Thus, an

effective forward and reverse photoswitching of this com-

pound with GE?Z=91% (450 nm) and GZ?E=86%

(410 nm) was implemented. The thermal stability of the

Z-form of switch 12 proved to be very high, t1/2= 700 days

at T=25 8C, and DErel was 28 kcal mol71. Below are

photochemical characteristics of azobenzenes 11 and 12

and also of a para-ethoxycarbonyl-substituted analogue,

compound 13.

Thus, strategies have now been developed for shifting

the absorption maximum of photoswitches to the visible

region up to 670 nm. To obtain compounds with absorption

bands shifted to the infrared region, further research is

needed. A promising approach is the use of two-photon

spectroscopy to study the isomerization processes.

5.2. Optimization of properties required for the stability
of a photopharmacological drug in vivo
An important issue that is worth noting when developing

azobenzene photoswitches for in vivo applications is stabil-

ity of the compounds against reduction in the body. Indeed,

the intracellular medium contains glutathione in concen-

trations of up to &10 mmol L71,89 and its ability to reduce

azobenzenes to 1,2-diarylhydrazine derivatives should be

considered in the design of an azobenzene-based photo-

pharmacological drug.78, 79, 89 ± 91 It was demonstrated that

the reduction mechanism includes the step of an attack by a

glutathione sulfur atom on the azo group to generate a

sulfenylhydrazide intermediate and the subsequent addition

of a second glutathione molecule to give a 1,2-diarylhydr-

azine derivative and oxidized glutathione.89, 90 In this case,

X

N N
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the sulfenylhydrazide intermediate can hydrolyze back to

the azo compound in the deficiency of glutathione.

It was established that the rate of reduction of azo-

benzene derivatives with glutathione can be decreased by

introducing electron-donating substituents into all ortho-

positions of benzene rings. These substituents can be

exemplified by thiol 91 and methoxy groups,41 and also

chlorine 78 and fluorine atoms.92 Stability to the reduction

with glutathione also increases upon the introduction of

bulky amino groups into ortho-positions of the photo-

switch.93 Another strategy applied to improve the electron

enrichment of azo compounds includes the use of their

heterocyclic analogues. This approach was implemented

by Stricker et al.,94 who proposed to use heterocyclic

arylpyrazoles, which are stable to reduction with gluta-

thione.

Enzymatic reduction representing another type of

reactions involving azobenzene cores within the cells has

been studied much less extensively. In living organisms,

azo dyes are reduced by the azoreductase ± nicotinamide

adenine dinucleotide phosphate (NADH) system.95 Living

microorganisms that form the endogeneous intestinal

microflora (microbiome) also reduce azo compounds,

which is crucial for the metabolism of drugs meant for

oral administration.96 The photoswitch stability towards

such reduction systems is unexplored at the moment,

although the processes involving them have long been

known in pharmacology. For example, one of the earliest

antimicrobial drugs prontosil is a prodrug, and its active

sulfanylamide form is generated via the reduction of the

N=N bond.97

6. Key methods for the computational modelling
used for the molecular design of
photopharmacological drugs

6.1. Modelling of the spectral properties of azobenzenes
According to the results of the quantum chemical studies,

experimental lmax values for the first and second absorption

bands for Z- and E-azobenzenes can be reproduced with the

use of relatively inexpensive computational approaches

based on the density functional theory (DFT). Various

functionals have been tested, the most accurate result

being obtained with the use of the TD-CAM-B3LYP//

B3LYP approach (the molecular geometry was optimized

using the B3LYP functional, the spectrum was calculated

with the TD-CAM-B3LYP method).98 The use of computa-

tionally more demanding ab initio methods (RASPT2,

EOM-CCSD) provided better correlation with the exper-

imental data,98 however, the difference in accuracy was

insignificant in terms of the computational screening. In

the case of the azonium cation, the S0 ? S1 transition also

demonstrated a satisfactory correlation between the values

of the absorption maxima calculated using various meth-

ods: lmax= 382 [TD-CAM-B3LYP/def2-TZVP//oB97X-D/

6-311+G(2df,p)] and 406 nm [EOM-CC2/def2-TZVP//

oB97X-D/6-311+G(2df,p)], with the experimental value

being lmax= 435 nm.77

Calculations have been performed for a variety of

substituted azobenzenes to determine a method capable of

reproducing the experimental absorption maxima.83, 99 ± 103

It was demonstrated that to calculate the absorption spec-

trum of unprotonated and singly protonated derivatives of

azobenzene, the optimal balance between the accuracy and

the computational cost is achieved by using TD-CAM-

B3LYP//B3LYP and PBE0//PBE0 density functional

theory approaches. The minimum basis set that can be

employed is 6-31G* or its analogues. When optimizing the

geometry of compounds with strong steric interactions of

substituents, one should consider dispersion corrections to

the density functional 104 and make use of B3LYP-D and

PBE0-D functional forms. It can be expected that Minne-

sota density functionals (M1 and other) will also provide

good results for geometry optimization and simulation of

the spectra, but to get statistically valid data, further

research is needed.

The question also remains of the quality of the results

obtained with the density functional theory methods for

azobenzenes protonated at both nitrogen atoms of the

double bond. However, not a single photoswitch has been

proposed in which both nitrogen atoms of the azo group

would be protonated at physiological pH; therefore, this

issue is rather of theoretical than of practical interest.

Double protonation of the azo group nitrogens strongly

compromises the integrity of the p-system, and the error of

CAM-B3LYP method, which was originally developed to

describe the charge transfer processes in large p-systems, is

expected to increase.

To be successfully implemented, in silico screening of

the absorption maxima of azobenzene derivatives should

start from the calculation of the pKa values of the acid ±

base groups of the potential drug with the subsequent

calculation of lmax carried out least at the

TD-CAM-B3LYP/6-31G*//D-B3LYP/6-31G* level of

theory. However, for photopharmacological molecules,

which can consist of hundreds of atoms, this approach

can be computationally expensive. Further progress in this

field can be made if less costly methods for calculating the

absorption maximum, which nevertheless retain an

acceptable accuracy, are proposed. Attempts to use

semiempirical methods based on molecular orbital theory

(e.g., AM1) failed.101

Calbo et al.105 used a test set consisting of dozens of

various azoheteroarenes to study the correlations between

the absorption maxima calculated at the TD-PBE0/6-

31G**//PBE0/6-31G** level of theory, and orbital energy

differences corresponding to the transition under consid-

eration, which were calculated with PBE0/6-31G**//

PBE0/6-31G. For the E-form, correlations were found

for both the p ? p* transition (coefficient of

determination R2= 0.7841) and for the s ? p* transi-

tion (R2= 0.8188). However, for the Z-form such corre-

lation was retained solely for the p ? p* transition

(R2= 0.9184), but was not observed for the s ? p*
transition (R2= 0.3386). Since a correlation

(R2= 0.5373) between the N=N bond order character-

ized by the Wiberg indices 106 and the Z-isomer lifetime

has been established, the main characteristics of the

photoswitches of this type could be assessed with compu-

tational costs determined by the geometry optimization

using the density functional theory.105 However, these

approaches should be applied with particular caution.

As for the entire computational chemistry, approaches

based on machine learning seem to be the most promising.

Recently, Thawani et al.107 demonstrated that an empirical

model, the parameters of which were determined using

machine learning algorithms, allowed for calculation of

the absorption maxima for a test set of azobenzenes with

an error comparable to that of the time-dependent density

functional theory (TD-DFT).
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6.2. Modelling of relative energies of isomers and thermal
isomerization of azobenzene derivatives
Various methods were employed to calculate the relative

Gibbs energies of the E- and Z-isomers of azobenzene and

its azonium cation, ranging from the density functional

theory and MoÈ ller ± Plesset perturbation theory (MP2) to

coupled cluster (CC) method and complete active space 2nd

order perturbation theory (CASPT2).53, 76, 77, 108 ± 112 The

calculation results are presented in Table 3. The results

revealed that the ground states of azobenzene derivatives

are well defined by a single-configuration wave function,

and there is no necessity to use multiconfiguration

approaches, as the difference between the values obtained

by the CASPT2 and MP2 methods is negligible and can be

attributed to the application of different methods of geom-

etry optimization. Dynamic correlation is of high impor-

tance; however, as can be seen from Table 3, it is well

reproduced by the DFT B3LYP-3D method: the values

calculated by this method are very close to those obtained

by MP2 calculations and deviate by less than 1 kcal mol7 1

from those calculated by the coupled cluster singles and

doubles (triples) excitations [CCSD(T)]. It is noteworthy

that the dispersion corrections should be taken into

account, since otherwise, the B3LYP method provides

much more significant deviation than the MP2 and

CCSD(T) approaches.

Based on analysis of the reported data for a variety of

azobenzene derivatives, the following may be stated. The

optimal techniques suitable for the calculation of energy

values to within several kcal mol71 are the density func-

tional theory methods using the B3LYP and PBE0 func-

tionals and applying the dispersion corrections 104

(B3LYP-D and PBE0-D) or Minnesota functionals (M11,

M06). The entropy contributions can be found by calculat-

ing the partition function based on vibrational frequencies,

which are calculated by the same methods. To take into

account the solvent (water), the polarizable continuum

model (PCM) can be used.

Modelling of the transition states for the thermal

isomerization of molecular switches is not such an easy

task for computational chemistry as modelling of the

ground states. As mentioned above, thermal isomerization

of azobenzenes can occur by two competing mechanisms,

namely, rotational and inversion ones. Despite the obvious

multiconfiguration character of the diradical rotational

transition state, in most publications, transition states

were modelled with the use of single-configuration density

functional theory methods (B3LYP, PBE-0). These results

cannot be considered reliable due to poor treatment of the

static electronic correlation. Attempts to optimize the rota-

tional transition state using single-configuration methods

often lead to the artifact geometry shifted towards the

inversion transition state. On the other hand, although the

inversion transition state is virtually single-configuration, it

has a considerable charge transfer and, hence, requires

special attention when considering dynamic electronic cor-

relation.

As can be seen from the data in Table 3, it is impossible

to reproduce the energy value of the inversion transition

state for azobenzene obtained with MP2 and CCSD using

the density functional theory B3LYP-3D method, as the

deviation is 15%. Therefore, for a reliable calculation of

comparative energies of two types of transition states,

methods that take into account both dynamic and static

electronic correlations (RASPT2, CASPT2, NEVPT,

MRCI) should be preferred.{ Unfortunately, the conclu-

sions derived from modelling of the transition states of

thermal isomerization with DFT methods should be inter-

preted with great caution. Mention should be made of the

results of quantum chemical calculations suggesting that

triplet states might be involved in the photoisomerization

process; however, no direct experimental evidence of this

hypothesis has yet been found.53

Another promising approach for fast screening of ther-

mal lifetimes is to find the correlation between the N=N

bond length in the ground state structure and thermal

lifetime. However, for the development of such approach

additional research is needed.

6.3. Methods for estimating the ligand ± receptor binding
affinity
The methods used in photopharmacology to estimate the

binding affinity between a potential drug (ligand) and a

receptor do not differ from those used in classical pharma-

cology. In this Section, a brief overview of these methods

and examples of their application to address the photo-

pharmacological problems is given.

Methods for the calculation of ligand ± receptor binding

free energy can be divided into three groups, differing

significantly both in accuracy and computational costs.

1. Docking methods.

To calculate the receptor ± ligand binding Gibbs free

energy by docking methods, empirical functions of two

types are applied. The first type includes empirical functions

that simulate Gibbs energy, the second type includes func-

tions which are derived from the structural databases of

receptor ± ligand complexes.113, 114 Such computational

approaches are effective and, despite their relatively low

accuracy, they are employed in screening of a large number

of potential ligands. In recent years, docking methods have

been widely used in photopharmacology both for the

interpretation of experimentally observed effects and for

Table 3. Relative Gibbs energies for E- and Z-isomers of azobenzene
(DErel) and transition state energies for the inversion (TS Inv/Z) and
rotational (TS rot/Z) pathways of the isomerization reaction calcu-
lated by various quantum chemical methods.

Method DErel Ref. TS Inv/Z Ref.
(TS rot/Z)

CASPT2/6-31G*// 11.9 53 (38.1) 53

CASSCF/6-31G*

CASSCF/6-31G*// 16.4 53 (41.5) 53

CASSCF/6-31G*

MP2/6-31G*// 12.27 108 53.03 108

B3LYP/6-31g*

MP2/6-31G*//MP2/6-31G* 12.9 109 47.8 108

B3LYP/6-31G*// 15.2 108 40.52 108

B3LYP/6-31G*

B3LYPD3/6-31G*// 12.7 109 40.0 109

B3LYPD3/6-31G*

CCSD/6-311++G**// 13.5 109 47.6 109

CCSD/6-31G*

Experimental value 10 ± 12 48 &33 ± 35 43, 48

Note. All values are given in kcal mol71.

{RASPT2 is the restricted active space second-order perturbation;

NEVPT2 is the N-electron valence state second-order perturbation

theory; MRCI is the multireference configuration interaction.

M.N.Ryazantsev, D.M.Strashkov, D.M.Nikolaev, A.A.Shtyrov, M.S.Panov

878 Russ. Chem. Rev., 2021, 90 (7) 868 ± 893



the in silico design of photoactivated drug-

s.27, 28, 115 ± 117 Pinto and Mascharak 27 used docking to

explain the increased activity of one of the photoactivated

ligands, namely, azoLPA, which is an azobenzene photo-

switch that allows for the optical control of lysophosphati-

dic acid (LPA) receptor activation. The computational

modelling made it possible to reveal the difference in the

mechanisms and efficiency of binding of various derivatives

of this ligand to receptors. Westphal et al. 115 utilized

docking in design of a photoactivated D9-tetrahydrocanna-

binol, a ligand for cannabinoid receptor CB1. A mechanism

for the binding of such a ligand to the receptor was

proposed, and its most effective analogues were found. Ca-

breÂ et al.116 used docking to identify the ligand (bridged

azobenzene) that binds most efficiently to the kainate

receptor GluK2. It was demonstrated that the mechanism

of binding of the proposed bridged azobenzenes is similar to

that for the known ligand GluAzo, which is an azoben-

zene ± glutamate conjugate.

2. Methods that simulate the pathway between the two

limiting states Ð a free receptor and a ligand and the

receptor ± ligand complex.

This pathway consists of a series of intermediate states

and can be either physically realistic, that is representing a

realistic way of the ligand ± receptor binding or artificial

(`alchemical').118 ± 120 To calculate the Gibbs free energy

difference between the two limiting states, free energy

perturbation or thermodynamic integration methods are

used most often. These methods require the simulation of

Boltzmann distribution of configurations in each of the

final and intermediate states. To simulate configurations,

methods of molecular dynamics, Monte Carlo 121 and their

combinations are applied.122 These methods demonstrate

the highest accuracy but require large computational

efforts.

3. Methods simulating only two limiting states of the

system, that is, free receptor and ligand and the receptor ±

ligand complex.

Among such approaches, the most commonly used are

hybrid methods, in which ligands are described by a

molecular-mechanical force field, while the effect of sur-

roundings is described by the continuum model, e.g.,

generalized Born surface area model (MM/GBSA) or Pois-

son ± Boltzmann surface area model (MM/PBSA).123, 124 In

these methods, the Gibbs free energy of the ligand ± receptor

binding includes three terms:

Ð the internal energy difference between two states of

the system;

Ð the solvation Gibbs free energy difference, for the

calculation of which the implicit solvent model is applied;

Ð the change in conformational entropy of the system,

which is calculated by means of normal mode analysis.

The calculation of entropy contribution requires the

largest computational effort, with the calculation accuracy

being low and often giving only rough estimates.124, 125 An

alternative to MM/GBSA and MM/PBSA approaches is the

linear interaction energy method, in which the mean energy

difference of the ligand interaction with the surrounding is

calculated for two states: a ligand bound to the receptor in a

solvent and a free ligand in a solvent.125 In all three

methods, averaging is performed over an ensemble of

configurations generated by molecular dynamics simula-

tions, Monte Carlo simulations, or their combination.

The second and the third groups of methods are only

beginning to be used in the development of photopharma-

cological drugs. Day et al.126 employed the MM/GBSA

methods to calculate the binding energies for photoacti-

vated peptides functionalized with azobenzene derivatives

to the VCAM1 receptor, a peptide belonging to the immu-

noglobulin superfamily. The calculations revealed

peptides that effectively bound in the dark state

(DG<78 kcal mol71) and were not bound in the photo-

activated form (DG>2 kcal mol71). Based on the model-

ling, candidates for the further optimization of the structure

and experimental validation were chosen. Despite the rela-

tively low accuracy, docking is considered to be the most

suitable for large-scale screening.

The advantages of the methods of the second and third

groups become obvious only if a sufficiently accurate

estimation of the Gibbs free energy of the binding process

is possible. In turn, the accuracy of methods for calculating

this energy is determined by a number of factors.119, 127, 128

The first factor is the accuracy of the parameters of the

energy function (force field) used to calculate the molecular

dynamics trajectories or perform Monte Carlo sampling. A

series of available force fields for common amino acids,

water, and physiologically relevant ions is known, allowing

for the calculation of the energy difference to within a few

kilocalories (AMBER,129 CHARMM130 and other). How-

ever, there are currently no common force fields for organic

molecules, providing the same accuracy. To improve the

accuracy, hybrid quantum mechanical/molecular mechan-

ical (QM/MM) methods were applied is several studies. In

this case, the biotarget cofactor and the ligand were calcu-

lated by quantum mechanical methods, and the protein

surroundings, water molecules, and ions were calculated

using the force fields.131, 132 However, high computational

costs hamper the widespread application of the QM/MM

methods for drug design. On the other hand, machine

learning techniques for the force field parameterization

have been extensively developing in recent years.133, 134

Their application to determine molecular mechanical force

field parameters for the ligand and the receptor cofactor can

significantly improve computational accuracy.

The second important factor is the accuracy of the

starting structure of the biotarget ± ligand complex used in

modelling, including the correct states of protonation of the

acid ± base groups of the protein and the ligand, as well as

the presence and position of water molecules at the binding

site. The best choice is the structure of the complex obtained

by X-ray crystallography. If the crystallographic structure is

not available, homology modelling techniques can be used

to predict the structure of the biotarget 135, 136 and docking

techniques are applicable for an initial check of possible

binding sites.113, 114 However, such a strategy reduces the

accuracy and increases the computation time.

However, neither crystallographic structure nor the

structure obtained by homology modelling methods contain

information on the state of protonation of acid ± base

groups. To calculate the pKa values, various computational

approaches are used which are considered in several reviews

(see, e.g., Refs 137, 138). Additional complexity is the

possibility to alter the pKa values of some acid ± base groups

during molecular dynamic modelling. In this case, molec-

ular mechanical methods should be used which take into

account the possibility of dissociation or addition of pro-

tons in the process of modelling, for example, the pH-const-

ant molecular dynamics method.139, 140

It is also worth emphasizing the special role of incorpo-

ration the water molecules in the modelling of biological
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structures. For example, water molecules were shown to

influence both the value of the Gibbs free energy of binding

and the ligand configuration upon binding to the recep-

tor.141 ± 143 Determination of number, localization, and

structural organization of water molecules in the cavities

of protein molecules is a challenge in view of the complexity

of detecting water molecules by X-ray crystallogra-

phy.144, 145 Computational methods are also used to predict

the presence and positions of water molecules,146, 147 and

the proper choice of the suitable technique is critically

important for obtaining reliable computational models.148

7.Main approaches to the synthesis of azobenzene-
and azoheteroarene-based molecular switches

7.1. Synthesis of azobenzene-based photoswitches
The most common strategies for the synthesis of azobenzene

switches are illustrated in Scheme 4 and include the follow-

ing processes:

Ð azo coupling reaction (path a),

Ð coupling of anilines with nitroso compounds (the

Mills reaction) (path b),

Ð oxidative coupling of anilines (path c),

Ð reductive coupling of nitroarenes (path d ),

Ð dehydration of 1,2-diarylhydrazines (path e),

Ð reduction of azoxybenzenes (path f ),

Ð coupling of arenehydrazonium salts with aryllithium

derivatives (path g),

Ð palladium-catalyzed coupling of arylhydrazines with

aryl halides (path h),

Ð reaction of quinones with arylhydrazines (path i ),

Ð Wallach reaction (path j ),

Ð reaction of triazenes with anilines or phenoxides

(path k).

7.1.1. Azo coupling reaction

Azo coupling is the reaction between arenediazonium salts

and aromatic amines and phenols. The main drawbacks of

this approach include the instability of arenediazonium salts

at room temperature, low yields, a limited set of the

reactants in use, and pollution of the environment with

acidic and alkaline wastewaters. This transformation is used

to prepare a variety of azobenzene-containing drugs, e.g.,

first- and second-generation photocontrolled potassium

channel blockers such as quaternary ammonium salts

based on diethylamino- (14, DENAQ) 149 and maleimido-

substituted azobenzenes (15, MAQ) 150 (Scheme 5). The

synthesis of photoswitch DENAQ (14) as illustrated in

Scheme 5 starts from the azo coupling of 4-nitroaniline

(16) with N,N-diethylamine (17), leading to asymmetric

azobenzene derivative 18 in a moderate yield.

Since the azo coupling reaction is widely used in the

industrial production of azobenzene dyes, environmentally

friendly protocols of its implementation have been elaborated.
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One of the strategies for the synthesis of arylazonaphthols 19

by this reaction implies the use of solid acids such as

Fe3O4@SiO27SO3H magnetic nanoparticles (MNPs)

(Scheme 6), thereby reducing the amount of acidic and alkaline

wastewaters in the environment. Diazonium salts 20 react with

2-naphthols at room temperature in the absence of solvents.151

7.1.2. Mills reaction

The Mills reaction is the reaction between aromatic nitroso

compounds and anilines in the presence of glacial acetic

acid. An advantage of this method is a wide spectrum of

reactants since many anilines can be oxidized to nitroso

compounds. An approach has been elaborated, involving

the use of Oxone (2KHSO5
.KHSO4

.K2SO4, Oxone1) or

potassium peroxomonosulfate in a water/dichloromethane

two-phase system.152 With the use of this method, aniline 21

was converted into 4-nitrosobenzenesulfonate 22, which

was then reacted with 7-amino-5-phenyl-1,3-dihydro-2H-

benzo[e][1,4]diazepin-2-one (23) (Scheme 7).153 The product

24 (Azo-NZ1) exists mainly in the E-configuration and

blocks g-aminobutyric acid (GABA) receptors.

Another example of the synthesis of photopharmaco-

logical drug via the Mills reaction using Oxone as an

oxidant is the preparation of compound 25 (AC-4), an

analogue of the photoswitchable drug Capsazepine (26),

which is a TRPV1-receptor antagonist { (Scheme 8).154

Protected 4-(2-aminoethyl)aniline 27 was first oxidized to

an intermediate nitroso compound, and then condensed

with 4-trifluoromethylaniline (28) to give azobenzene deriv-

ative 29, which subsequently provided product 25.

Nitroso compounds can be synthesized by oxidation of

arylhydroxylamines. Various reagents are used as oxidants,

e.g., KMnO4,155 K2Cr2O77H2SO4 system,156 m-chloroper-

oxobenzoic acid (m-CPBA),157 pyridinium chlorochromate

(PCC),158 K2FeO4 (see Ref. 159), etc.160 However, nitro-

soarenes 30 are often oxidized further to nitroarenes 31,

which is a significant drawback of this approach. Moreover,

when the starting compound is N-arylhydroxylamine 32, it

can condense with nitroso compounds 30 to afford azoxy-

benzenes 33 (Scheme 9).160

7.1.3. Oxidative coupling of anilines

Oxidative coupling of amines enables the synthesis of

exclusively symmetrical azobenzenes. Anilines (e.g., 34)

react with copper(I) bromide in the presence of pyridine

(PyH) to give azobenzene derivatives in good yields. This

approach was utilized by Dong et al.79 to prepare photo-

switch 35 showing absorbance in the near-IR region

(Scheme 10).

The oxidands used in this reaction may be represented

by a variety of compounds such as silver salts, oxides, and

complexes,161 ± 163 lead tetraacetate,164 hypervalent iodine

compounds,165 horseradish peroxidase ±H2O2 system.166

etc. Presently, MnO2, KMnO4, such systems as HgO7I2
(Ref. 167) and KMnO47CuSO4

. 5H2O (Ref. 78), and a
{TRPV1- is the transient receptor potential cation channel subfamily V

member 1.
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mixture of N-chlorosuccinimide (NCS) with diazabi-

cyclo[5.4.0]undec-7-ene (DBU) are most frequently used.168

7.1.4. Reductive coupling of nitroarenes

Reductive coupling of aromatic nitro derivatives also pro-

vides exclusively symmetrical azo compounds. As reducing

agents, complex hydrides,169, 170 zinc,171 or glucose 172 in a

basic medium are mainly used.

Recently, Nozawa-Kumada 173 proposed a method for

producing azobenzenes and phenazines via coupling of

nitrobenzenes 31 in the presence of organic super-electron-

donating molecules. The reaction proceeds under mild

conditions, requires no metal catalysis, and is suitable for

a wide variety of nitroarenes (Scheme 11). The active form

of an organic catalyst (structure 36) is generated under mild

conditions from the corresponding pyridinium salt 37.

7.1.5. Coupling of arenediazonium salts with aryllithium derivatives

A strategy based on the coupling of arenediazonium salts

with aryllithium derivatives is suitable for the synthesis of

unsymmetrical azobenzene derivatives. It includes the prep-

aration of an arenediazonium salt, its isolation and reaction

with aryllithium. The possibility for such transformation

results from the relative stability of certain arenediazonium

salts such as tetrafluoroborates,174 hexafluorophos-

phates,175, 176 o-benzenedisulfonimides,177, 178 and tosy-

lates.179

Tetra-ortho-halo(or alkoxy)-substituted azobenzenes

38a ± g can be obtained in two steps. First, meta-disubsti-

tuted arenes 39a ± c react with n-butyllithium to give the

corresponding lithium derivatives 40a ± c, to which arene-

diazonium salts 41a ± d are added in the next step

(Scheme 12).180

7.1.6. Coupling of arylhydrazines with aryl halides

Palladium-catalyzed coupling of N-Boc-substituted arylhy-

drazines with aryl halides enables the synthesis of diversely

substituted azobenzenes and provides high yields of the

products.181 In photopharmacology, this strategy was

employed to prepare a photoswitchable AMPA receptor

antagonist 42 (ShuBQX-3) (AMPA is a-amino-3-hydroxy-

5-methylisoxazole-4-propionic acid) and its analogues

(Scheme 13).182
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The starting hydrazine 43 containing several functional

substituents such as strong electron-withdrawing nitro- and

trifluoromethyl groups, and amino and diethylphosphoryl

groups, was prepared from phosphonate 44 and N-Boc-

substituted phenylhydrazine (45). The reaction proceeds

with the use of standard reagents, namely, palladium

acetate and tri(tert-butyl)phosphine. The yield of the prod-

uct 42 is 18% over 3 steps.

7.1.7. Reaction of triazenes with phenols and anilines

Triazenes can be produced via the reaction of arenediazo-

nium salts with amines. For example, azo coupling of

arenediazonium salts with anilines involves the rearrange-

ment of triazenes to azobenzenes. In some cases, this

reaction represents an effective approach to the synthesis

of azo compounds.160

Presently, triazenes derived from arenediazonium salts

and secondary amines are used most often, since such

compounds are rather stable and capable of various syn-

thetic transformations including those giving heterocyclic

systems.183 For instance, Zhang et al.184 synthesized a series

of azonaphthols via this reaction. As starting materials, aryl

triazenes, the products of the reaction between arenediazo-

nium salts and pyrrolidine were used, while imidazolium

ionic liquids served as promoters. Scheme 14 illustrates an

example of the application of this synthetic strategy to post-

modification of sulfamethoxazole (46), leading via triazene

47 to a photoactivated compound 48 in a good yield.

7.1.8. Reaction of quinones with arylhydrazines

The reaction between quinones and arylhydrazines affords

azophenols. Reactions of arylhydrazines with synthetic

analogues of quinones, quinone acetals, provide azoben-

zenes bearing methoxy group in the para-position relative to

the azo group. An example of the use of this strategy is the

synthesis of (E)-2,6-dimethyl-4-[(4-nitrophenyl)diazenyl]-

phenol (49) from 2,6-dimethylquinone (50) and p-nitro-

phenylhydrazine (51) (Scheme 15).185

7.1.9. Miscellaneous reactions

Noteworthy is a series of other methods for preparating

azobenzenes which can be useful in the synthesis of photo-

pharmacological compounds, namely, reduction of azoxy-

benzenes, rearrangement of azoxybenzenes into azophenol

derivatives under the action of Brùnsted and Lewis acids

(the Wallach reaction), dimerization of arenediazonium

salts, thermolysis of aryl azides, ring-opening of benzotria-

zoles, etc. These methods are considered in detail in

reviews.160, 167

7.2. Methods for the synthesis of bridged azobenzenes
7.2.1. Reductive intramolecular coupling of

1,2-bis(2-nitrophenyl)ethane derivatives

A classic strategy to obtain bridged azobenzenes is reductive

intramolecular cross-coupling of 1,2-bis(2-nitrophenyl)-

ethane derivatives on treatment with zinc and barium

hydroxide followed by oxidation with HgO.186 For exam-

ple, dihydrobenzodiazocine 52 intended for modification of

proteins was obtained by this method.187 The sequence of

transformations includes the Wittig reaction affording

meta-nitro-disubstituted stilbene 53 from (3-nitrobenzyl)tri-

phenylphosphonium bromide (54) and 3-nitrobenzaldehyde

(55), the subsequentpalladium-catalyzed hydrogenation,

acetylation of 1,2-bis(3-aminophenyl)ethane 56, and nitra-

tion of diacetyl derivative 57. The final steps include the

reductive intramolecular cross-coupling to yield bridged

azobenzene 58 bearing amino groups in positions 2 and 9,

and their acylation with chloroacetyl chloride (Scheme 16).

The disadvantage of this method is the extremely low yield

of compound 58.

The synthesis of heteroatom-containing dihydrobenzo-

diazocines has been reported.83 In the first step, 2-nitro-

benzyl bromide (59) reacted with 2-nitrophenol (60) in the

presence of K3PO4 and tetra-n-butylamonium bromide

(TBAB). Then, the reductive coupling of ether 61 was

carried out to give a mixture of isomeric azoxybenzenes

62a,b (44% total yield), which were reduced to dihydroben-

zodiazocine 8 (Scheme 17).

To obtain its sulfur-containing analogue 9, bis(2-nitro-

phenyl) disulfide (63) was reduced with sodium borohydride

in the first step, and intermediate thiophenol was allowed to

react in situ with 2-nitrobenzyl bromide (59) to afford the

corresponding sulfide 64. Further transformations were

carried out by analogy with those described above for

product 8.

7.2.2. Mills reaction

The Mills reaction can be used as an approach to the

synthesis of bridged azobenzenes. For example, CabreÂ

et al. 116 recently proposed photoswitchable neurotransmit-

ters for kainate receptors Glu_brAzo 1 (65a) and

Glu_brAzo 2 (65b), containing the bridged azobenzene

core. The synthesis of these compounds comprises the

preparation of dibromo derivatives of dihydrobenzodiazo-

cine 66. The photoswitch core is formed by a three-step

synthesis: the first step includes the formation of 1,2-bis(4-

1) HCl, NaNO2

2) KOH, pyrrolidine
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bromo-2-nitrophenyl)ethane (67) via dimerization of

4-bromo-2-nitrotoluene (68) induced by potassium tert-

butoxide and bromine, the second step comprises the

reduction of nitro groups to amino groups with sodium

sulfide in a dioxane ±water mixture (compound 69), and in

the final step, the Mills reaction is carried out using Oxone

in glacial acetic acid (Scheme 18).116

The resulting transformation can be formally defined as

an intramolecular oxidative coupling of anilines in the

presence of Oxone as an oxidant; however, the authors

have examined the mechanism of this reaction and estab-

lished that one of the amino groups in compound 69 is

oxidized to the nitroso group followed by the intramolecu-

lar condensation.

This synthetic approach was also applied to the syn-

thesis of monofunctionalized S-diazocines in yields exceed-

ing those of the classical procedure using lead as a reducing

agent.188

7.3. Synthesis of azoheteroarenes
The synthetic strategies towards azoheteroarene photo-

switches are dependent on the type of heterocyclic moiety

which is a part of the product. To prepare azoheteroarenes

comprising azines and their derivatives such as pyridine,
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pyrimidine, pyrazine, quinoline, isoquinoline, etc.,

approaches similar to the synthetic strategies for the sub-

stituted azobenzenes are employed. For the synthesis of

azoheteroarenes containing five-membered heterocycles

with one or several nitrogen, oxygen, and sulfur atoms, a

variety of approaches have been elaborated. This is due to

the presence of several reaction centres, which can be

modified in such molecules, and also to the diversity of the

assembly of the heterocyclic moiety.

7.3.1. Azo coupling reaction

The azo coupling reaction is widely used in the design of

azoheteroarenes based on six-membered nitrogen-contain-

ing heterocycles and their analogues. For example, Fu et

al.189 used this reaction to synthesize ligand 70 for osmiu-

m(II) complex 71, displaying anticancer activity

(Scheme 19). This complex can be activated with gluta-

thione, but its main target is the NADH/NAD+ system.

By oxidizing NADH to NAD+, complex 71 violate the cell

metabolism, since NADH is found in cells in minor

amounts but performs many functions as a coenzyme.

N,N-Dimethyl-4-(2-pyridyldiazenyl)aniline (70) is formed

through the azo coupling of 2-aminopyridine (72) with

N,N-dimethylaniline.

The first step in the synthesis of commercially available

5-azopyrimidine derivative 73 reported by BaÂ rtovaaÂ et al.190

is the addition of commercially available 2-amino-4,6-dihy-

droxypyrimidine (74) in an acetate buffer to 3-nitrophenyl-

diazonium chloride derived from m-nitroaniline (75).

Further modification of the resulting 2-amino-5-[(3-nitro-

phenyl)diazenyl]pyrimidine-4,6-diol (76) leads to the target

compound (Scheme 20).

Similar push-pull azopyrimidines were synthesized the

same way by CÏ echovaÂ et al. 191 One of the products,

arylazopyrimidine 77, is characterized by a thermal relaxa-
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tion time of 2 ns in methanol and benzene, and its analogue

bearing dimethylamino groups in positions 4 and 6 of the

pyrimidine ring has a similar relaxation time in benzene.

Azo coupling is an essential reaction opening access to a

wide range of azoheteroarenes containing five-membered

heterocycles. In this process, p-excessive or p-amphoteric

heterocycles, due to their electron-donating properties,

often act as azo components. In this way, 2-azoarylpyr-

roles,75, 192 3-azoarylpyrroles,105, 192 2,5-bis(azoarylpyr-

roles),193 3-azoarylpyrroles,73 2-azoarylimidazoles,194 ± 197

5-azoaryloxazoles,198 2-arylazobenzimidazoles,199 3-azo-

thiophens,200 and some other azoheteroarenes were

obtained.

This reaction can also give rise to 2-azoheteroarenes if

binuclear heterocycles containing several nitrogen atoms

are used as azo components. For example, a photochromic

derivative of guanosine, 8-(phenyldiazenyl)guanosine (78),

capable of photoisomerizing under visible violet and green

light irradiation, was prepared from aniline in several steps.

First, benzenediazonium salt generated by aniline diazoti-

zation was coupled with guanine to yield an azo derivative

79. Further modification of the latter compound included

several steps, necessary to the introduction of the ribose

residue.201 2-Amino group in compound 79 was protected

with the acyl group, and then the coupling reaction between

intermediate 80 and tetraacetylated ribose (81) was carried

out. The final step included the total deprotection of

compound 82 in a basic medium (Scheme 21).

7.3.2. Mills reaction

To prepare azoheteroarenes via the Mills reaction, conden-

sation of arylamines with nitroso hetarenes, hetarylamines

with nitroso arenes, or hetarylamines with nitroso hetarenes

can be carried out. To choose a synthetic strategy, several

factors should be taken into account, including the stability

of the starting compounds. The Mills reaction can be

utilized to prepare azoheteroarenes, which are unavailable

or hard-to-reach for the azo coupling reaction, such as

3-azoarylpyrazoles, 5-azoarylpyrazoles, azoaryltetrazoles,

3-azoaryl-1,2,4-triazoles, etc.105

For example, this reaction was used to modify position 2

in the purine ring. A series of arylazopurines 83 was thus

synthesized, which were tested as photoisomerizable inhib-

itors of O6-alkylguanine-DNA.202 The reaction sequence

included protection of the pyrrole nitrogen atom of guanine

84 with Boc-protecting group, nitration of N-Boc-guanine

85 under mild conditions with the further reduction of the

nitro group to the nitroso one, condensation of 2-nitro-

soguanine derivative 86 with various anilines, and Boc-

deprotection of compound 87 (Scheme 22).

7.3.3. Oxidative coupling of hetarylamines

Oxidative coupling of hetarylamines is used to prepare

symmetrical azoheteroarenes. Da Silve et al.72 proposed a

synthetic approach to obtain symmetrical azopyridines

88a ± d, bearing various substituents in the ring, and

N-methylated cyano-substituted azopyrazoles. The N-bro-

mosuccinimide ± benzoyl peroxide system was employed

(Scheme 23).

KlapoÈ tke and Piercey 203 used sodium dichloroisocyanu-

rate as an oxidant to obtain 1,10-azobis(tetrazoles). Jiang
et al.204 implemented this reaction to synthesize symmetri-

cal 5-azopyrazoles. When utilizing CuI ± tert-butyl hydro-

peroxide (TBHP) oxidizing system in the presence of

phenanthrolines, usual azopyrazoles were isolated. With

I2 ± TBHP oxidizing system, the simultaneous iodination of

position 2 occurred leading to azopyrazole iodo-derivatives

89, which are convenient reagents for further modifications,

e.g., for the Sonogashira cross-coupling (Scheme 24).

7.3.4. Reactions of quinones with arylhydrazines

The title reaction used in the synthesis of azophenols can be

applied to obtain azoheteroarenes. For example, (pyrimi-
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din-2-yl)azophenol 90, soluble in a sodium phosphate buffer

and having a thermal relaxation rate of 40 ns in a phosphate

buffer at pH 7.8, was obtained by this reaction from

pyrimidine-2-hydrazine (91) and 1,4-benzoquinone

(Scheme 25).69

7.3.5. Coupling of arenediazonium salts with hetaryl lithium

derivatives

Coupling of arenediazonium salts with hetaryl lithium

derivatives is directed at producing azoheteroarenes,

which are hard-to-reach via the azo coupling reaction,

for example, imidazoles bearing aryldiazenyl group in

position 5. This synthesis is exemplified in a study 205

describing 5-arylazoimidazole 92 and its analogues.

These compounds are photodissociable ligands of the

nickel porphyrin complex, changing its spin state through

light-induced coordination7dissociation. More stable

E-isomer coordinates to the complex, while Z-isomer

dissociates due to the steric repulsion. The synthesis of

compound 92 includes the coupling reaction between

arenediazonium tetrafluoroborate 93 and the correspond-

ing 5-lithioimidazole generated in situ from 2-(tert-butyl-

dimethylsilyl)-1-(methanesulfonyl)-1H-imidazole (94) protected

in positions 1 and 2. Methanesulfonyl and tert-butyldime-

thylsilyl (TBDMS) groups served as protecting functions.

The reactions employed to obtain salt 93 are illustrated in

Scheme 26.

7.3.6. Coupling of arylhydrazines with hetaryl halides

with the subsequent oxidation

Azoheteroarenes can be produced via palladium-catalyzed

cross-coupling of hetaryl halides with N-Boc-N-phenylhy-

drazines and the subsequent oxidation with oxygen under

microwave (MW) irradiation. This approach provided the

synthesis of derivatives of 3-azopyridine, 5-azopyrimidine,

3-azoquinoline, 5-azoindole, 5-azopyrrolo[2,3-b]pyridine,

and 3-azoindazole in good yields.206

Recently, Kolarski et al.207 obtained 6-azopurines 95 via

the two-step one-pot microwave-assisted synthesis from aryl

hydrazines and substituted 6-chloropurines 96 (Scheme 27)

in the absence of palladium catalysis. The authors synthe-

sized 18 azoadenine derivatives (R1=H) and 8 azoguanines

(R1=NH2). The absorption maxima in these spectra of

these compounds appear in the range from 420 to 480 nm.

7.3.7. Heterocycle assembly

Kumar et al.208 described 4-arylazoisoxazoles 97, having

demonstrated good photochemical characteristics. The first

synthetic step includes the reaction of arene diazonium salt,

obtained by diazotization of various anilines, with acetyl-

acetone. Then the intermediate hydrazones 98 are con-

densed with hydroxylamines in a basic system to afford

the target compounds. Apart from substituted arylazoisox-

azoles, this reaction provided a hetero analogue of these

compounds, namely, 3,5-dimethyl-4-(3-pyridyldiazenyl)-

isoxazole (78% yield).

The reaction of hydrazone 98 with methylhydrazine or

hydrazine hydrate was reported 75, 209 to afford switches

promising for photopharmacology, namely, 4-azoarylpyra-

zole derivatives 99. Weston et al.210 used this transforma-
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tion to synthesize 4-azoarylpyrazoles having optimal char-

acteristics.

Pithan et al.211 reported the synthesis of 5-alkyl- and

5-phenylamino-substituted azothiazole dyes displaying sol-

vatochromic and DNA-binding properties. The symmetric

azothiazole backbone was built with the use of the modified

Hantzsch reaction. 2,5-Dithiobisurea 100 was condensed

with ethyl 3-bromopyruvate to give symmetrical hydrazine

101, which was oxidized with cold nitric acid to symmetrical

azothiazole 102. The subsequent two-step modification led

to target compound 103 (Scheme 29).

7.3.8. Miscallaneous methods for the synthesis of azoheteroarenes

Travieso-Puente et al.212 prepared 3-arylazoindazoles 104,

105 via aromatic nucleophilic substitution in the presence of

strong bases such as potassium hydride. Pentafluorophenyl-

containing formazan 106 was used as a starting material.

3-Arylazoindazole 104 can undergo further nucleophilic

substitution in aromatic groups to afford, e.g., compound

107 (Scheme 30). The products possess high photostability

and long lifetimes of the Z-isomer.

8. Conclusion

Currently, photopharmacology is at the very early stage of

its development; preliminary studies have shown that the

use of photopharmacological compounds in medical prac-

tice has great potential. To achieve this aim, several tasks

must be addressed, including the search for effective photo-

switches for use as a part of a photopharmacological drug;

elaboration of approaches to the design and synthesis of

such compounds based on classical pharmaceutical drugs

and photoswitches; adaptation of known methods of photo-

dynamic therapy to photopharmacology, their modification

and optimization; development of methodologies for testing

drugs in vivo in animal models, etc.

In most publications reported to date, the authors used a

simple strategy for designing a photopharmacological drug

based on two components, namely, a molecular photo-

switch and a biologically active compound. However, such

a strategy can be useful only in the early stage of the design

and rarely produces the final drug without additional

modifications. The further development of photopharma-

cology requires more intensive involvement of classical
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methods and approaches used in the development of classi-

cal pharmaceuticals,6 which imply screening of libraries of

compounds and optimization of not only biological activity

but also other physicochemical characteristics. Thus, the

rational design of photopharmacological compounds

requires optimization of the spectral and photochemical

properties of the drug.

Currently, about a dozen molecular switches of various

types are known, which can find application in photo-

pharmacology, and also other potential photoswitches,

including photoactive amino acids and nucleotides. It

should be noted that in recent years, there has been a

tendency to use azoheteroarenes, rather than azobenzenes,

as photoactive parts of the drug, due to their high biological

activity. However, as apparent from the present review, for

the design of azoheteroarene-based molecular photo-

switches, along with specific approaches, strategies devel-

oped for azobenzene derivatives are actively used. Thus, the

basic principles of molecular design presented here, compu-

tational modelling methods, and synthetic approaches to

the photopharmacological switches based on azobenzenes

and azoheteroarenes can be useful for the further develop-

ment of this promising field of chemistry.
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9. List of acronyms and designations

AMPA Ð a-amino-3-hydroxy-5-methylisoxazole-4-pro-

pionic acid,

Boc Ð tert-butoxycarbonyl,

CASPT2 Ð complete active space second order pertur-

bation theory

CCSD(T) Ð coupled cluster singles and doubles (triples)

excitations,

m-CPBA Ð m-chloroperoxobenzoic acid,

DBU Ð diazabicyclo[5.4.0]undec-7-ene,

DCE Ð 1,2-dichloroethane,

DCM Ð dichloromethane,

DFT Ð density functional theory,

DIPEA Ð diisopropylethylamine,

DMA Ð dimethylacetamide,

DMAP Ð 4-dimethylaminopyridine,

DPPA Ð diphenylphosphoryl azide,

EC50 Ð drug concentration which can induce a response

equal to 50% of the maximum effect,

GABA Ð g-aminobutyric acid,

HOMO Ð highest occupied molecular orbital,

LPA Ð lysophosphatidic acid (receptors),

LUMO Ð lowest unoccupied molecular orbital,

MNPs Ð magnetic nanoparticles,

MP2 Ð second-order Moller ± Plesset perturbation

theory,

MRCI Ð multireference configuration interaction,

MW Ð microwave irradiation,

NADH and NAD+ Ð reduced and oxidized forms of

nicotinamide adenine dinucleotide,

Naph Ð naphthyl,

NBS Ð N-bromosuccinimide,

NCS Ð N-chlorosuccinimide,

NEVPT2 Ð second order N-electron valence state

perturbation theory,

PCC Ð pyridinium chlorochromate,

PCM Ð polarizable continuum model,

Py Ð pyridyl,

rt Ð room temperature,

QM/MM Ð quantum mechanics/molecular mechanics,

RASPT2 Ð second-order restricted active space second

order perturbation theory,

TBAB Ð tetra-n-butylammonium bromide,

TBAF Ð tetra-n-butylammonium fluoride,

TBAN Ð tetra-n-butylammonium nitrate,

TBDMS Ð tert-butyldimethylsilyl,

TBHB Ð tert-butyl hydroperoxide,

TD-DFT 7 time-dependent density functional theory,

Tf Ð trifluoromethanesulfonyl (triflyl),

TFA Ð trifluoroacetic acid,

TFAA Ð trifluoroacetic anhydride,

TMS Ð trimethylsilyl,

Tr Ð triphenylmethyl (trityl),

TRPV1 Ð transient receptor potential cation channel

subfamily V member 1,

p-TSA Ð p-toluenesulfonic acid,

US Ð ultrasound,

DErel Ð energy difference,

DG Ð Gibbs energy difference between Z- and E-iso-

mers,

e Ð molar absorption coefficient,

G ± conversion rate (the content of the resulting isomer)

upon irradiation of the compound at the certain wave-

length,

lmax Ð maximum absorption wavelength,

lex Ð photoexcitation wavelength (light-emitting

diode),

F Ð quantum yield.
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