Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(4):315-327

THEORETICAL BASES OF CHEMICAL TECHNOLOGY
TEOPETHYECKHE OCHOBBI XHMHYECKON TEXHOAOTHH

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2023-18-4-315-327 [®)sr |
UDC [544.15+544.431.2]:544.174

RESEARCH ARTICLE

Structure of 2-nitro-2’-hydroxy-5’-methylazobenzene:
Theoretical and spectroscopic study

Anastasiya A. Fedorova, Olga V. Lefedova, Sergey A. Shlykov™

Ivanovo State University of Chemistry and Technology, Ivanovo, 153000 Russia
“Corresponding author, e-mail: Inw94@yandex.ru

Abstract

Objectives. 2-Hydroxy-nitroazobenzenes comprise reagents for the synthesis of heteroaromatic
compounds, in the molecules of which the benzene and azole cycles are annulated. These
reagents are widely used in the production of chemical products for various industries.
In particular, 2-2’-hydroxy-5’-methylphenylbenzotriazole is used as an effective photo stabilizer
for polystyrene and polyethylene. A promising method for its preparation is the liquid-phase
catalytic hydrogenation of 2-nitro-2"-hydroxy-5'-methylazobenzene (2NAB). The aim of the present
study was to establish the structure of 2NAB in solutions of different composition.

Methods. Theoretical calculations were carried out within the framework of the density
functional theory at a temperature of 298.15 K for the gas phase at BSLYP/6-311++G(d, p)
and M06-2X/6-311++G(d, p) levels; for hexane, 2-propanol, toluene at B3LYP/6-311++G(d, p)
level using the conductor-like polarizable continuum model. An experimental study to determine
the probable isomeric structure of 2NAB in various solvents, including sodium hydroxide (NaOH)
and acetic acid (CH,COOH) additives, was carried out using infrared (IR) and ultraviolet (UV)
Spectroscopy.
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Results. The most probable structure of 2NAB isomers for the gas phase and a number
of solvents was determined. Experimental and theoretical IR and UV spectra were obtained.
The thermodynamic characteristics of the reaction of intramolecular proton transfer from —OH to
—N=N- group in the gas phase were calculated.

Conclusions. A comparison of the experimental and calculated results supports the conclusion
that the cis-isomer should be considered most probable for the gas phase. For the studied
solutions, a trans-isomer of 2NAB with hydrogen bonds formed between the hydroxyl group
hydrogen and the SB-nitrogen atom of the azo group of dye molecule should be considered as
the most likely structure. In the studied individual and binary solvents, prototropic equilibrium
is shifted towards the azo form of the dye, while intramolecular proton transfer is possible only
in aqueous diethylamine and dimethylformamide solutions with additions of NaOH.

Keywords: 2-nitro-2'-hydroxy-5-methylazobenzene, intramolecular proton transfer, hydrogen
bond, IR spectroscopy, UV spectroscopy, quantum chemical calculations
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HAYYHAS CTATbA
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Teoperndeckoe v cieKTpaJbHOE UCCIETOBAHME

A.A. denopora, 0.B. Aedpenora, C.A. IlIAbIKOB"™

HeaHoscKkuli 2zocydapcmeeHHbLil XUMUKO-MeXHOoI02uuecKull yHusepcumem, Mearogo, 153000
Poccus
MAemop oas nepenucku, e-mail: shlykov@isuct.ru

AHHOMAyus

Ienu. 2-I'udpoKkcuHUmMpoa3obeHs30Mbl — peazeHmbl CUHMe3a 2emepoapoMamuueckux coeouHe-
HUTl, 8 MOJIeKYaxX KOMOPbLX AHHEAUPOBAHbL 6EH30IbHBLI U A30/IbHbLU YUKbL, UWUPOKO UCNOb-
3yrowuecs Npu NPouU3800CmMee XUMUUECKUX NPooyKmoa 05l pasauuHblX obaacmetl NPoMblULLEeH-
Hocmu. B uacmrocmu, 2-2’-2udporcu-5’-memungeHunbeH3zompuason UCnosib3yemest 8 kauecmaee
agppexmueHo20 pomocmadbunusaAMopa NOAUCMUPONA U hoausmuneHa. IlepchekmugHbim
MemoOoM e20 NONYUEeHUSL SeAslemcst IKUOKOPA3HAST KAMAAUMUUECKAst 2udpo2eHuU3ayust
2-Humpo-2’-2udpokcu-5’-memunazoberzona (2HABE). Llenvto Hawell pabomsbl cmanio ycmaHos-
nerue cmpykmypol 2HAB 8 pacmeopax pa3iuvuHo20 cocmasa.

Memoowsl. Teopemuueckue pacuems. NpPoOGOOUUCL & pPamMKax meopull GYHKUUOHANA
naomrocmu npu memnepamype 298.15 K ons 2azoeoti gpasvl Ha yposHsix BBLYP/6-311++G(d, p)
u M06-2X/6-311++G(d, p), ona eexcaxa, 2-nponaHona, moayona Ha yposHe B3LYP/6-311++G(d, p)
C UCNOBL308AHUEM KOHMUHYANALHOU MOO0eaU CONMb8AMAUUU. DKCnepumMeHmanibHoe usyueHue
npeonoaazaemozo usomepHozo cmpoerust 2HAB 8 pa3nuuHblX pacmeopumensx, 8 mom uucue
¢ oobaskamu audporcuda Hampusi (NaOH) u yrcycrol wucromst (CH,COOH), npoeedero
¢ nomowbro uHgpparpacHoti (MK) u yrempadgpuonemoesotii (YP) cnekmpockonuu.
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Pesynemamet. Onpedenera Haubosee geposmHas cmpykmypa usomepos 2HAL oOns
2aszo80ll ¢passl u psda pacmeopumesneil. IlonyueHvl sKCnepumeHmalbHble U meopemuue-
ckue HK-, YD-cnekmpol uccnedyemvix seuiecms. Paccuumarsbl. mepmoouHamuuecKkue xapaw-
mepucmuKu peaxyuu 8HYmMpUMONeKYaapHozo nepeHoca npomoHa om —OH xk —-N=N- zpynne
8 2a30801l ¢asze.

Bobieoodst. CpasiteHue IKCNepUMEeHMAIbHbIX U PACUETNHBbIX Pe3yibmamog no380UN0 COeNamb
3ar/oueHue, umo Haubosiee 8eposimHbiM OJist 2030801 (Passbl credyem cuumame yYuc-usomep,
a 011 UByueHHsblX pacmeopos mparc-uzomep 2HAB ¢ 8000pOO0HbIMU C8SI3MU, 00pA3YIOULUMU-
csi Mexk0y 8000podom 2udporcuzpynnel U 3-amomom azoma azozpynnel. B usyueHHvlx uHoU8U-
OyanbHbiX U OUHAPHBIX pacmeopumesisix NPoOmMOmMpPONnHoe pasHO8ecUe CMeuleHO 8 CMOPOHY
asogopMmel Kpacumens, a 6HYMPUMONEKYNIPHLLU NepeHoC NPOmoOHA B03MOIKEH MOSbKO
8 BOOHbBLX pacmeopax OUIMUNAMUHA U dumemungpopmamuna ¢ cdobaskamu NaOH.

Knroueesie cnoea: 2-Humpo-2'-2udpoKcu-5-memunaszobeHson, 8HYmMpuMONeKYaspHblil nepeHoc
npomowra, 8o0opooHas cessv, HK-cnekmpockonus, YP-cnekmpockonus, K8aHmMo8o-xumuueckue

pacuemol

/s yumuposanusn: denopoa A.A., Jlepenora O.B., IllnsikoB C.A. CTpykTypa MOJEKYJIbl 2-HUTPO-2’-TUAPOKCHU-5’-
MeTHIa300eH30ma: TeopeTnyeckoe ¥ CIEKTpalbHOE HCCleoBaHue. Toukue xumuueckue mexuorocuu. 2023;18(4):315-327.
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INTRODUCTION

Nowadays, substituted nitrobenzenes are among
the most widely-used multi-purpose compounds. Among
this class of substances, 2-hydroxynitroazobenzenes
occupy a special position, since forming the initial
products for the synthesis of heteroaromatic compounds,
in whose molecules the benzene and azole rings
are annulated. Substituted 2H-benzotriazoles are
used as effective absorbers of ultraviolet (UV) light,
light stabilizers of polymers, and analytical reagents
for a number of cations. As such, they are used as
additives to increase the light resistance of dyes,
pigments, and enamels, for obtaining complex
compounds with metals, and in other areas [1-8].

The main method for the preparation of substituted
benzotriazoles remains the chemical reduction of
the corresponding 2-hydroxynitroazobenzenes with
zinc or hydrazine hydrate in an alkaline water—
alcohol medium, or with dithionite in aqueous
alkaline solutions [9, 10].

For the preparation of 2H-benzotriazoles, a
promising method is liquid-phase hydrogenation

of the corresponding 2-hydroxynitroazobenzenes.
The latter contain nitro and azo groups that actively
interact with hydrogen under hydrogenation conditions
to form a triazole cycle (Scheme 1).

The selectivity of reductive cyclization under
hydrogenation conditions is largely determined by
the structure of the starting compound [11, 12].
In this regard, there is a need to have the most
complete possible information about the electronic
and spatial structure of 2-hydroxynitroazobenzenes,
which subsequently determine the whole variety
of chemical transformations.

In the present work, 2-nitro-2'-hydroxy-5'-
methylazobenzene (2NAB) was chosen as the object
of study. Comprising the starting compound for
the synthesis of an effective photostabilizer of
polystyrene and  polyethylene, 2-(2'-hydroxy-5'-
methylphenyl)benzotriazole (BT, Tinuvin®), it does
not have any identified carcinogenic properties.
Therefore, BT-stabilized films, in addition to
other applications, can be used for food packaging.

It is known that azo dyes can exist in various
tautomeric forms. For the 2NAB molecule, due
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HO
R4
N= R Heterogeneous HO
2 catalyst, Hp = N\
—_— N
R4 NO, solvent N
R
Substituted Substituted
2-hydroxynitroazobenzene 2H-benzotriazole

Scheme 1. Method for the preparation of substituted 2H-besotriazoles.

to the presence of a proton-donor hydroxyl group
and its close spatial arrangement to the azo group,
the possibility of intramolecular proton transfer
(that is, prototropic equilibrium) can be assumed
(Scheme 2).

Therefore, when considering the structure
of 2NAB, it is necessary to take into account the

having proven itself well in calculations of complex
organic compounds, was selected. A number of
calculations were carried out using the MO06-2X2
functional (high-nonlocality functional with double
the amount of nonlocal exchange (2X)) and the
conductor-like polarizable continuum model (cpcm).
The ChemCraft’ software (Russia) was used to

possibility of the formation and presence of quinoid visualize the calculation results and prepare
structures in the reaction mixture, as well as to initial  approximations for subsequent geometry
calculate the thermodynamic characteristics of optimization.

a possible process of intramolecular proton transfer.

MATERIALS AND METHODS

The calculations based on density functional
theory for a gas phase at a temperature of 298.15 K
were carried out using the Gaussian03 software
package (Gaussian Inc., USA) [13]. The Becke-
Lee-Yang—Parr (B3LYP) density functional was
primarily used. The 6-311++G(d, p)' basis set,

In order to search for probable conformers for
the 2NAB molecule, we scanned the C-C-N=N
rotation angle of the nitrobenzene ring with respect
to the —C—N= bond in the 2NAB molecule with
a step of 10° at the B3LYP/6-311++G(d, p) level.
Examples of scan results are shown in Fig. 1. Next,
the rotation angles of the functional groups relative
to the benzene rings were scanned at steps of 10°
for the established configurations of conformers with
different mutual positions of the -NO, and ~OH groups
(cis- and trans-). No new conformers were found.

HO o
SNy
N=N R \ L
2 NN 7 R
NO
2 NO,
Azo form Quinoid structure

Scheme 2. Eautomerism for the 2-nitro-2’-hydroxy-5’-methylazobenzene molecule.

' 6-311++G(d, p) is a triple valence-split basis with diffuse functions on heavy atoms and hydrogen atoms and with the
addition of d-type polarization functions for each atom from Li to Ca and p-type polarization functions for each light atom (H, He).

2 The M06-2X functional, a hybrid meta-functional including 54% of the Hartree—Fock exchange, is one of the most accurate
empirical functionals for working on mismatched electron density.

3 Zhurko G.A. Chemcraft — graphical program for visualization of quantum chemistry computations. Ivanovo, Russia, 2005.
Version 1.8, build 654. https://www.chemcraftprog.com. Accessed August 08, 2023.
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Further, the structures corresponding to
configurations with the lowest energies were
completely optimized, the bond vibration frequencies
were calculated, and infrared (IR) and UV spectra
were modeled. In order to calculate the energy
of an intramolecular hydrogen bond (IMHB), the
structures of isomers that do not form hydrogen
bonds due to the rotation of the —OH group by
180° relative to the —N=N- bond were optimized.
The geometry of quinoid forms was determined
for all obtained 2NAB conformers to evaluate the
energy barriers and thermodynamic characteristics
of proton transfer from the —OH group to the a
or B nitrogen atoms of the azo group. The structure of
transition states was established using quadratic
synchronous transit (QST2 and QST3) methods and
confirmed using the internal reaction coordinate
procedure. The found structures of transition states
were verified by establishing the first imaginary
vibrational frequency corresponding to the transition
of the hydrogen atom from the hydroxy group
to the azo group.

The experimental IR spectrum of 2NAB
molecules was obtained on potassium bromide (KBr)
tablets using an Avatar 360 ESP spectrophotometer
(Nicolet Instrument Corporation, USA). The spectrum
was recorded wusing the built-in program and
automatic recording of peaks in a frequency range
of 400-4000 cm™'. The preparation of the control
sample and analysis sequence followed the standard
procedure.

UV spectral studies were carried out with the use
of a Leki SS2110 UV spectrophotometer (Mediora OU,
Finland) in the wavelength range of 220-450 nm.

—_ = = = —
w O N A~ oo
1 1 1 1 1 ]

AE; kJ-mol™

21 A2

Hexane, which does not exhibit specific solvation, was
used in the preparation of a 2NAB solution, along with
solvents used in liquid-phase hydrogenation reactions.
The measurements were carried out with respect to the
pure solvent at an absorbing layer thickness of 1 cm
using quartz cuvettes. The wavelengths corresponding
to the absorption maxima were obtained mathematically
processing the obtained spectral curves using the
accompanying software. The preparation of control
solutions and the sequence of analysis followed the
standard procedure.

RESULTS AND DISCUSSION

Geometry and thermodynamic calculations

Scanning of the rotation angles of the functional
groups relative to the benzene rings in the 2NAB
molecules showed that the 2NAB molecule can be in a
state of cis-trans isomerism with a high probability of
having an IMHB between the o or B nitrogen atom of the
azo group and the hydrogen atom of the hydroxy group,
which are in the ortho position relative to each other.

The results of quantum chemical calculations
for possible spatial structures of 2NAB isomers with
and without hydrogen bonds for transition states
corresponding to the transfer of a proton from the
hydroxy group to the a or B nitrogen atom of the azo
group are given together with the quinoid structures in
Tables 1-3 and in Figs. 1 and 2.

The calculations show a significant difference
in ground state energies for different isomers: up to
a value of 1533 kJ/mol in -calculations using
B3LYP and 12.3 kJ/mol in calculations using M06-2X.

Al

() T T T T T
0 50 100 150 200

C-C-N=N, °

0 SO0 100 150 200
C-C-N=N, *

Fig. 1. Potential energy surface profiles obtained by scanning the rotation angle -C—C—N=N- of the
nitrobenzene ring about the —-C—N= bond in the 2-nitro-2’-hydroxy-5’-methylazobenzene (2NAB) molecule
with a step of 10° at B3LYP/6-311++G(d, p) level. Relative energies of conformers are given in Table 1.
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Table 1. Calculated relative energies AE of possible structures of 2NAB, barriers £, enthalpies AH°, ., Gibbs free energies

2982

AG°, (kJ/mol) of intramolecular proton transfer from ~OH to —-N=N- group, and imaginary frequencies v, (cm') for
transition states (TS).
B3LYP/6-311++G (d, p) M06-2X/6-311++G (d, p)
Isomer/state® IMHB*
AEb Ea AHo298 A G0298 vl' AEC Ea AHo298 A G0298 vi
Al a 16.2 12.3
Al - 39.3 32.7
Trans 71.7 422 44.05 1596 93.4 69.6 71.0 1443
TS1 a 87.9 105.7
B1 o 58.8 82.3
A2 B 35 0.00
A2 - 51.1 46.6
Cis 158 | —3.94 —2.54 | 1515 25.4 9.95 10.0 1421
TS2 B 19.3 25.4
B2 § 0.00 10.2
A3 B 10.5 8.6
A'3 - 54.9 48.0
Trans 15.2 6.60 7.49 1454 4.6 19.3 20.2 1335
TS3 § 25.8 13.3
B3 B 17.2 28.0
A4 o 18.8 11.0
A4 - 47.5 40.9
Cis 79.3 48.2 50.6 1600 101 76.3 74.8 1478
TS4 a 98.1 111.8
B4 o 67.6 87.2

Note: *IMHB — intramolecular hydrogen bond; A — azo form with IMHB; A" — azo form without IMHB; TS — transition state
for the reaction of intramolecular proton transfer; B — quinoid structures formed in the reaction of intramolecular proton transfer;
numbers 1, 2, 3, 4 correspond to the isomers with different position of ~OH and ~NO, groups regarding to -N=N- bond or without
H-bond with different N atoms (a or ) in the azo group.

"AE — energies of the structures relative to that of B2.

°AFE — energies of the structures relative to that of A2.

Table 2. Characteristics of the hydrogen bond for different conformers of 2NAB for the gas phase

IMHB E 1 KJ/mol Bond length, A
Isomer/state (atom —N=N-)
B3LYP | M06-2X [14] B3LYP MO06-2X [14]
Trans o 23.2 20.4 2.14 2.16
Cis B 47.6 46.6 1.81 1.87
16.74-62.76 1.50-2.20
Trans B 44 .4 39.3 1.77 1.82
Cis a 28.7 29.9 2.21 2.22
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Table 3. Frequencies in the IR spectrum of 2NAB

v, cm™!
Group B3LYP/6-311++G (d, p)
Experiment
A2 A2 A3 A'3
-OH 3361 3758 3322 3756 3410
0
—N, 1580 1586 1594 1591 1618
%

—N=N- 1540 1555 1543 1554 1525
>CH-NO, 1374 1385 1394 1394 1348
>CH-OH 1158 1143 1158 1148 1147

* The stretching vibrations of the N-O bond in the NO, group are given.

This indicates a high probability of the existence
of the A2 cis isomer in the gas phase, as well as
a low probability of the presence of the A3 structure.
However, in solvents used in the processes of
liquid-phase  catalytic  hydrogenation of  nitro
compounds, it is possible to expect a redistribution
proportion of A2 and A3 conformations in the
reaction mixture due to the presence of solvation
interactions and a certain structuring of the medium.

It can be concluded from the data in Table 1
that the presence of IMHB with the B nitrogen atom
of the azo group, in comparison with that of the
o atom, lowers the energy of the ground state to a
greater extent both for the cis and trams isomers.
In both cases, the formation of an IMHB contributes
to the stabilization of the molecule and the growth
of its coplanarity. Calculation of the AG°,, reaction
for the formation of a quinoid structure using the
B3LYP and MO06-2X functionals showed somewhat
different results. The calculation with the B3LYP
functional indicates the possibility of quinone
formation in the gas phase only in the case
of the A2 isomer; this is because the process of
proton transfer with the formation of B2 is
characterized by a low energy barrier. The calculation
with the M06-2X functional showed that quinones
are not formed regardless of the conformer structure.

A comparison of the IMHB energies for the cis
and trans isomers with the B and a nitrogen atoms
of the azo group, calculated from the difference
in the energies of the ground state of the
corresponding isomers with and without hydrogen
bonds (Table 2), shows that they differ by more
than 1.5 times. According to the classification [14],
the resulting hydrogen bond should be classified as

moderately strong with a significant contribution
from the electrostatic component. It can be assumed
that the IMHB between the hydroxy group proton
and the B nitrogen atom of the azo group will also be
preserved in the presence of a solvent [11].

Spectra

To select the structure of the 2NAB isomer,
whose presence is most likely for the liquid phase,
the experimental IR or UV spectra can be used in
protic and aprotic solvents (Tables 3, 5, and Fig. 3).
Table 3 shows the wvibrational frequencies for
2NAB corresponding to the structures of A2 and A3
isomers with and without hydrogen bonds.

In our opinion, the comparison of the
experimental and theoretical values of vibration
frequencies given in Table 3 does not suggest
that the A2 isomer is preferable. It should be
emphasized that, in the experimental IR spectrum
of 2NAB, there are no characteristic frequencies
in the regions of 1570 and 1690 cm™ that correspond
to the >C=0, >C=N, and >N-NH- bond vibration
frequencies characteristic of the quinoid structure.
Consequently, the prototropic equilibrium is shifted
towards the 2NAB azo form [11].

Figure 3 shows the UV absorption spectra
of 2NAB in hexane (Fig. 3c¢) in comparison with
the calculated spectra of various 2NAB isomers
in the gas phase (Figs. 3a and 3b). In the case of
the A3 isomer, the positions of the peaks can be
seen to correspond exactly. Calculations within
the framework of the MO06-2X functional do not
reproduce the general form of the experimental
spectrum, that is, the position and intensity of
electron transitions.
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* B2

Fig. 2. Optimized structures of 2NAB conformers (B3LYP/6-311++G(d, p)) for the gas.
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Fig. 3. UV absorption spectra of 2NAB: (a) B3LYP/6-311++G(d, p) calculations in the gas phase for the A1-A3
isomers, the intensity and position of electron transitions are shown for isomer A3; (b) M06-2X/6-311++G(d, p)
calculations for the A1-A3 isomers in the gas phase; the intensity and position of electron transitions are shown
for isomer A3; (c) experimental spectrum of 2NAB in hexane, where 4 is the optical density;
(d) B3LYP/6-311++G(d, p) theoretical calculations for A3 isomer in hexane in the CPCM model.
For each theoretical spectrum (a, b, d), an approximation by a Lorentzian with a 30-nm halfwidth
of the peak was performed.

To identify the 2NAB structure in solution,
we carried out a complete reoptimization of A2
and A3 isomers geometry in the corresponding
solvents within the CPCM framework and calculated
the UV spectra. The results are presented in Table 4
and in Fig. 3d. It follows from the presented
data that, just as in the gas phase, the closest
wavelengths of the absorption maxima correspond
to the A3 isomer. For both isomers, a significant
shift of the absorption maxima to the longwave
region of the spectrum is observed.

The authors of a number of papers [11, 15]
have noted that the transition of a proton from the
hydroxy group to the azo group and the formation
of the quinoid structure should make the UV
absorption spectrum of 2NAB single-banded. In
our experimental UV absorption spectra of 2NAB

in hexane, toluene, 2-propanol, in its aqueous
solutions, including those in the presence of base
and acid additives, this is not observed (Tables 4
and 5). The position of the absorption maxima does
not change even if sodium hydroxide in an aqueous
solution of 2-propanol is present in an amount
corresponding to the complete ionization of the
molecule, i.e., at a ratio of 2NAB : NaOH =1 : 1.42
or 2NAB : NaOH = 1 : 1.14. The authors of [11, 15]
also  state that  hydroxy-substituted aromatic
hydrocarbons can act as donors of a free electron
pair with respect to alcohols in the formation of
an IMHB as a result of specific solvation, and as
acceptors with respect to dimethylformamide (DMF).
However, the peak of the absorption maximum in
the longwave region in both DMF and diethylamine
(DEA), which are characterized by a high acceptor
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Table 4. Wavelengths of absorption maxima A and A, in the UV spectra of 2NAB in solution and molar extinction coefficients

g, and &, in solvents

A, nm A,, nm
Sovent Igz, , L/(mol-cm) B3LYP/6-311++G(d) | Ige,%, L/(mol-cm) B3LYP/6-311++G(d)
Exp*
A2 A3 A2 A3
n-Hexane 2.59 326 353 342 2.22 426 458 444
Toluene 3.85 326 357 349 3.67 424 461 448
2-Propanol 3.62 328 361 354 3.25 416 467 450

dExperimental values.

capacity with respect to the proton, is also absent.
This can be regarded as the fact that, in these
solvents, IMHB in the 2NAB molecule is retained;
moreover, there is no proton transfer from the
hydroxy to the azo group.

The specific solvation of hydroxy-substituted
aromatic hydrocarbons at the hydroxy group may
characteristically not occur if strong IMHBs are
formed, whose energy is higher than 20 kJ/mol
[9, 11, 14-17]. The fact that the nitro group is not
specifically solvated helps to reduce the universal
component of solvation. The change in the
thermochemical characteristics of solvation in organic
solvents is associated mainly with the aromatic
system and the delocalization of n-electrons.

Our experimental data (Table 5) indicate that,
by only replacing individual solvents and water—
2-propanol solvents by aqueous solutions or solutions
in DMF and DEA with NaOH additives, a strong
bathochromic shift occurs in the UV spectrum: the
band at A, = 414 nm disappears, and a new band
appears in the region of 500 nm. According to [11, 15],
the presence of an absorption band in the region
of 480-550 nm indicates a shift in equilibrium from
the azo form of the dye to its quinoid structure.

The authors of [11, 15, 18, 19] also note that
substituted nitroazobenzenes are predominantly in
the state of trans isomerism, especially when going
to solvents with a high dielectric constant [18, 19].
The azo form in the UV absorption spectra is
characterized by the appearance of a maximum at
a wavelength of 320-350 nm, which is associated
with m—n* transitions. The presence of an absorption
maximum in the region of 420-440 nm indicates
an increase in the common conjugation chain along
with a higher electron density on the azo group
due to its transfer from the phenyl ring [11, 15].

This absorption maximum is due to n—m* transitions,
in which wavelength regions we noted the appearance
of the corresponding maxima.

As noted in [11, 15], the weakening of the
IMHB under the influence of a solvent will
contribute to a convergence of the energy levels
of nitrogen atoms of the azo group. This can also
cause an increase in the contribution of orbital
control [20] at the stage of associative addition
of hydrogen to the azo group under hydrogenation
conditions. This increases the contribution of the
direction of 2NAB hydrogenation reaction through the
formation of 2-nitro-2'-hydroxy-5"-methylhydrazobenzene
(2NHB), as well as contributing to a decrease in the
yield of products containing a triazole ring. Kinetic
studies have proven that the concentration of NHB
increases when the reaction is carried out in solvents
with pronounced electron-donor properties [19].
At the same time, the ionization of the hydroxy
group leads to the destruction of IMHB in the 2NAB
molecule, thus increasing its coplanarity. This
determines the possibility of simultaneous hydrogenation
of both nitro and azo groups. It was experimentally
confirmed [21, 22] that the transformation of 2NAB
under hydrogenation conditions proceeds according
to a parallel-sequential scheme. One of the parallel
directions leads to the formation of products
containing the triazole ring, while the second
direction leads to the formation of the nitro-hydrazo
derivative. The latter undergoes intramolecular
rearrangement in the presence of sodium hydroxide
to form a triazole ring.

When considering the possibility of cyclization
of intermediate products formed wupon 2NAB
hydrogenation, the coplanarity of the considered
2NAB isomers should also be taken into account.
From this point of view, cyclization of A3 and
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Table 5. Wavelengths of absorption maxima A, and A, in the UV spectra of 2NAB and molar extinction coefficients €, and ¢,

for individual, binary, and mixed solvents

Sovent A,nm | Ige, L/(mol-cm) A,, nm Ige,, L/(mol-cm)
Dimethylformamide (DMF) 333 3.94 413 3.86
Diethylamine (DEA) 333 3.83 413 3.81
X, A Ige, A, Ige,
0.26 328 1.30 410 0.93
Water—2-propanol 0.48 328 4.40 412 4.05
0.68 328 3.62 414 3.25
0.78 328 4.32 414 3.99
2NAB : NaOH A Ige, A, Ige,
1:0.04 328 3.75 416 3.39
1:0.29 328 3.85 414 3.49
Xiteg;%‘pmpa“"l‘NaOH 1:0.86 328 3.92 414 3.58
1:1.42 328 3.75 414 3.39
2NAB : CH,COOH A, Ige, A, Ige,
1:1.14 330 2.66 414 2.27
C.om MOV/L A Ige, A, Ige,
0.01 330 2.22 496 2.23
Water-NaOH
0.10 330 2.11 496 3.31
1.00 330 3.30 496 3.30
DMF-NaOH 0.01 340 3.98 506 4.06
DEA-NaOH 0.01 345 3.83 516 3.99
A4 isomers can be considered as the most according to a synchronous mechanism of the

probable structure. Based on the results presented
above, preference should be given to structure A3
due to its higher coplanarity and the absence of
a steric hindrance upon the formation of the triazole
ring. The calculation of the potential barrier for
the nitro group rotation around the C-N bond
showed that it does not exceed 13.2 kJ/mol. This
will tend to promote the formation of a cycle
upon the redistribution of bonds in the associative
2NAB-hydrogen complexes formed under the
conditions of 2-hydroxynitroazobenzene hydrogenation.
It is also likely that the cyclization will proceed

“head to head” type due to the 2NAB molecule
being characterized by the separation of charges that
can move due to a high degree of conjugation [12, 20].

CONCLUSIONS

The experimental results and theoretical
calculations of the 2NAB structures, which are in
good agreement with each other, do not contradict
our assumptions about possible tautomeric states
of 2NAB molecules in solutions. On the basis of the

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(4):315-327

325



Structure of 2-nitro-2’-hydroxy-5’-methylazobenzene: ...

totality of the obtained data, we can conclude that
a trans 1isomer structure with a hydrogen bond
formed between the hydrogen of the hydroxy group
and the p-nitrogen atom azo groups of the dye
is most probable for solutions in water, DMF,
hexane, and toluene, as well as in water—2-propanol
solvents with additions of NaOH and CH,COOH.
Intramolecular proton transfer is possible only in
aqueous, DEA, and DMF solutions having additions
of NaOH. The formation of quinoid structures
is not characteristic of the other studied solvents
or the gas phase.
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