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Abstract

To the best of our knowledge, this is the firstdgtueporting the synthesis and
characterization ofo,0-dihydroxyazo dyes bearing an acryloyl group. To@-
dihydroxyazo dyes were synthesized through coupdingsorcinol with the diazonium
salts of 2-amino-4-methylphenol, 2-aminophenol, n#ire-4-chlorophenol, and 2-
amino-4-nitrophenol. Their acryloyl derivatives wesynthesized using metallic sodium
and acryloyl chloride under an inert atmospherear&tterization of the compounds
was conducted using infrared (IR), ultraviolet-bisi (UV-Vis), proton nuclear
magnetic resonancéH NMR), and carbon nuclear magnetic resonard@ NMR)

spectroscopic methods. The tautomerism of the sgitbd compounds’ was also



evaluated. The results were compared with theailetiesults obtained by density
functional theory (DFT). The DFT calculations wgrerformed to obtain ground-state
optimized geometries and calculate the relevanttreleic and chemical reactivity
parameters. Furthermore, possible tautomers dedwoedthe UV-Vis spectra were
investigated using theoretical calculations. Béth IR and NMR spectral data showed
that azo tautomers predominate in the solid stadeldMSO solvent. The effects of pH,
solvent, and substituent on the predominant tautenvere further investigated through
UV-Vis spectroscopy. The results indicate that hydne tautomers were dominant at
pH 12 in dimethylformamide (DMF), whereas azo tawos were dominant at pH 2 in
EtOH or CHC}.
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Highlights

= Novel 0,0-dihydroxyazo dyes containing an acryloyl moietgres synthesized
and characterized.

» The azo-hydrazone tautomerism was investigatedyudw-Vis spectroscopy
and DFT calculations.

» These compounds are useful for synthesizing nagaroc dyes.



1. Introduction

Azo dyes have been extensively used in variouddisuch as textiles, paper, leather,
gasoline, food, additives, cosmetics, analyticagneistry, photography, therapeutic
agents, and drug delivefft—5]. Such dyes are pertinent to photography, gr@hy,
laser printing, and write once-read many times nrgnsystems due to their fastness
properties, low production costs, and useful apgibms [1,6,7]. Azo dyes are also
pertinent to the medical and pharmaceutical intestiowing to their antiseptic,
antibacterial, antitumor, antioxidant, antineoptasand antidiabetic properties [2,8,9].
In particular, azo resorcinol dyes have been stufie their significant antioxidant and
antimicrobial activities [10]. Resistance of ba@eio modern antibiotics has recently
become a clinical crisis. Medicinal chemists arevellgping new antibiotics and
synthetic antimicrobial agents to conquer drugstesit strains [10JFor example, 4+
butyl resorcinol has been used in skin creams ationks due to its antimicrobial and
bleaching action efficacy [11,12]. Moreover, dudheir phenolic moiety and hydroxyl
groups, azo resorcinol dyes are commonly used lasiroetric reagents for metal ions

[13-15].

Azo-hydrazone tautomerism occurs within azo comgsupearing, at a minimum, a
protic group in conjugation with the azo groups][16 particular,0,0-dihydroxyazo
dyes can exhibit azo—hydrazone tautomerism. Theortaric equilibrium primarily
depends on structural factors, solvent polarityd ggH of the medium [17-18].
Kishimoto et al. [19] demonstrated that the azaigré¢:N=N-) is an electron-accepting
group; thus, electron-donating groups stabilize ahe tautomer. Hydrazones bearing
electron-acceptor groups such as imino (-NH-N=) stabilized via electron-donor

groups. [19]. Dakiky et al. [20] noted solvent effe on tautomerism. High-polarity



solvents favor hydrazone tautomers, whereas lowarpyplsolvents prefer azo tautomers
[20]. Pertinent to tautomeric characterizationhe fact that the absorption bands of
hydrazo tautomers are at longer wavelengths relativ the corresponding azo
tautomers [21]. Azo dye tautomerism is pertinent dptical, technical, and
environmental applications [22—-23]. Numerous recs&nidies have investigated the
molecular properties of azo dyes using density tianal theory (DFT) calculations

[24-30].

The aim of this study was to analyze the tautonwreight novel azo resorcinol
compounds that belong to the classogi-dihydroxyazo dyes. The compounds were
characterized using spectroscopy and DFT calcuisititm further understand azo—
hydrazone tautomerism. The experimental resultse walidated using theoretical
calculations. Although resorcinol dye synthesis apdctroscopic properties have been
previously reported, no study has examineal-dinydroxyazo resorcinol dyes bearing
an acryloyl moiety nor have they implemented DFZ,20]. DFT calculations illustrate

the extent to which experimental results match izl predictions.

The azo derivatives reported herein were charaewrby IR, UV-Vis,'H NMR, and
3C NMR spectroscopies. DFT calculations with differdasis sets were used to
evaluate the structural and chemical propertieth@fcompounds. Tautomerization was
examined using experimental and theoretical UV-stiiglies. The molecular geometry,
optimized parameters, and UV-Vis absorption valwesre calculated, and the
calculated spectral data were compared with theraxgntal results.

2. Experimental



Chemicals and solvents were purchased from Ald{ldBA) and Merck Chemical
Company (Germany) and used without further puritca The IR spectra were
obtained using a Thermo Scientific Class 1 Laseod&et FTIR (USA)
spectrophotometer in the ATR mode. The absorptmectsa in chloroform, ethanol,
and DMF were obtained using a Thermo Scientific €&gs 10S UV-VIS (UK)
spectrophotometer. Element#] NMR, and™*C NMR analyses were conducted in the
Instrumental Analysis Laboratory at METU Researcknt@r. Nuclear magnetic
resonance spectra were obtained on a Bruker (Gg)nf@ 400 Fourier Transform
Spectrometer operating at 400 MHz in deuteratecethigisulfoxide (DMSO-g) using
tetramethylsilane (TMS). Substance purity and reacprogress were monitored by
TLC using TLC aluminum sheets with silica gel 60582(Merck). Preparative TLC
chromatography was performed on 20 x 20 cm glaaeplcovered by silica gel 60
GF254 (Merck) or AlO; type G (Fluka (Switzerland)). Column chromatognamras

performed using silica gel 60 (Merck).

2.1. General procedure for the synthesis of acryldylerivatives of azo dyes

First, 0,0-dihydroxyazo dyes were synthesized via a couptiagction of resorcinol
with diazonium salts of 2-hydroxy-4-methyl pher®laminophenol, 2-amino-4-choloro
phenol, and 2-amino-4-nitro phenol [31-32]. Thear the synthesis of acryloyl
derivatives of 0,0-dihydroxyazo dyes, reaction of these compoundds wiitetallic
sodium and acryloyl chloride was conducted unddg atmosphere at a 1:1 molar ratio.

Figure 1 illustrates the general synthesis metmabitiae structures of compountiss.

2.1.1. Synthesis of 4-K)-(2-hydroxy-5-methylphenyl)diazenyl]benzene-1,3-di, (1)



A cold solution of NaN®@ (0.69 g; 0.01 mol) was added dropwise into a mexif 2-
amino-4-methylphenol (1.23 g; 0.01 mol) dissolvadconcentrated hydrochloric acid
and water (20 mL) at 0-5°C. The solution was thered for 30 min to complete the
diazotation. Diazonium salt was added dropwise iatoice-cold solution of 1,3-
benzenediol (1.10 g; 0.01 mol) with a mixture ofAd¢g7.5 g, 0.09 mol) and DMF (20
mL) at 0-5°C. After stirring for 3 h at 0-5°C, tkelution acidity was adjusted to pH 4—
5 using 1 mol.l! HCI. The synthesized compounds were precipitatethaintaining a
temperature range of 0-5°C. The reaction solutias ten filtered and washed with
water and purified from ethanol/water. Melting Rqim.p.) 153-155 °C. Yield 78 %. IR
(cm™®): 3277 (OH), 3067, 2976, 2916 (C-H), 1621 (>C=CK)78 (Ar-O)*H NMR (500
MHz, ds-DMSO, ppm): 12.81 (s,1H), 11.08 (s,1H), 10.471(8), 7.68 (d, 1H,) =7.00),
7.55 (s, 1H), 7.12 (d, 1H=5.50 Hz), 6.92 (d, 1H]=7.0 Hz), 6.47 (d, 1H}=5.50 Hz),
6.37 (s, 1H), 2.27 (s, 3HJC NMR (125 MHz, ¢-DMSO, ppm) 162.9, 157.3, 151.4,
137.03, 132.7, 132.4, 128.9, 128.5, 121.4, 1170®.4, 103.5, 20.5. Analysis by
calculation for GsH12N2Os: C, 63.93; H, 4.95; N, 11.47 %. Found: C, 62.255H4; N,

10.84%
2.1.2. Synthesis of 4-K)-(2-hydroxyphenyl)diazenyllbenzene-1,3-diol, (2)

The same procedure was used for the synthesisnopaandl and compoun@. The
product was recrystallized from ethanol/water, dirgj a product with a melting point
(m.p.) in the range of 136—138°C. Yield 78 %. IR{): 3488, 3199 (OH), 3095 (C-H),
1623 (>C=C<), 1167 (Ar-O)H NMR (500 MHz, ¢-DMSO, ppm): 12.68 (s,1H), 11.42
(s,1H), 10.49 (s, 1H), 7.74 (d, 1H,=5.50), 7.69 (d, 1HJ=6.50 Hz ), 7.30 (t, 1H,
J=5.50 Hz), 7.03 (d, 1H]=7.0 Hz), 6.96 (t, 1HJ=6.50 Hz), 6.48 (d, 1H)= 7.0 Hz),

6.38 (s, 1H)"°C NMR (125 MHz, ¢-DMSO, ppm) 163.1, 157.4, 153.5, 137.5, 132.4,



131.9, 128.0, 122.1, 120.1, 118.0, 109.5, 103.9ysmaby calculation for GH1oN2Os3:

C, 62.60; H, 4.38; N, 12.17 %. Found: C, 61.324133; N, 10.54%
2.1.3. Synthesis of 4-K)-(5-chloro-2-hydroxyphenyl)diazenyllbenzene-1,3-di, (3)

The same procedure was used for the synthesisngpaandl and compoun@. The
product was recrystallized from ethanol/water teegan orange dye with a m.p. in the
range of 190-192°C. Yield 78 %. IR (¢in 3447, 3184 (OH), 3080 (C-H), 1627
(>C=C<), 1169 (Ar-0), 980 (C-CPH NMR (500 MHz, ¢-DMSO, ppm): 12.65 (s,1H),
11.18 (s,1H), 10.61 (s, 1H), 7.75 (s, 1H), 7.721(d, J=7.50 Hz), 7.31 (d, 1H]=8.20
Hz), 7.05 (d, 1HJ= 7.50 Hz), 6.49 (d,1HJ=8.20 Hz), 6,37 (s, 1H}°C NMR (125
MHz, ds-DMSO, ppm) 163.8, 157.8, 152.7, 138.3, 132.8, 1,3129.0, 124.1, 119.6,
119.3, 109.9, 103.6. Analysis by calculation fopbH3CIN,O3: C, 54.46; H, 3.43; N,

10.58 %. Found: C, 53.25; H, 3.59; N, 10.14%
2.1.4. Synthesis of 4-K)-(2-hydroxy-5-nitrophenyl)diazenyl]benzene-1,3-dib (4)

The same procedure was used for the synthesisngpaandl and compoundl. The
product was recrystallized from ethanol/water teega red dye, yielding a product with
a m.p. in the range of 152-156°C. Yield 72 %. IRX): 3492, 3404 (-OH), 3093 (C-
H), 1621 (>C=C<), 1516,1338 (NJ) 1182 (Ar-O)'H NMR (500 MHz, ¢-DMSO,
ppm): 12.79 (s,1H), 12.36 (s,1H), 10.77 (s, 1H398s, 1H), 8.15 (d, 1H, J=5.00 Hz),
7.76 (d, 1H, J=7.50 Hz), 7.21 (d, 1H, J= 7.50 Hz51 (d,1H, J=5.00 Hz), 6,38 (s, 1H)
13C NMR (125 MHz, ¢-DMSO, ppm) 164.4, 159.6, 158.3, 140.6, 137.0, 93229.5,
126.4, 118.4, 114.9, 110.2, 103.4 Analysis by datan for G2HgN3Os: C, 52.37; H,

3.30; N, 15.27 %. Found: C, 53.08; H, 3.73; N, 6504



2.1.5. Synthesis of 3-hydroxy-4-K)-(2-hydroxy-5-methylphenyl)diazenyl]phenyl
prop-2-enoat, (5)

4-[(E)-(2-Hydroxy-5-methylphenyl)diazenyllbenzene-1,8d{549.0 mg; 2.25 mmol)
and fresh metallic sodium (51.74 mg; 2.25 mmoljlip THF (20 mL) were mixed and
stirred under a Natmosphere for 24 h. Then, acryloyl chloride (0.08_; 2.25 mmol)
was added dropwise and stirred into a mixture u@déry nitrogen atmosphere. After
stirring for 4 h, the reaction mixture was filterethd the desired product was
precipitated from the dried THF. The final produwas recrystallized from THF/water,
yielding a product with a m.p. in the range of 1168°C. Yield 58 %. IR (cih): 3198
(OH), 3072, 2922 (C-H), 1742 (C=0), 1624, 1601 (8% 1240, 1160 (Ar-O¥H
NMR (500 MHz, ¢-DMSO, ppm): 12.84 (s, 1H) 11.09 (s, 1H), 7.67 18, J=7.0),
7.54 (s, 1H), 7.35-7.16 (m, 1H), 7.10 (d, 1H5.50), 6.92 (d,1H,)=7.0), 6.58-6.50
(m,1H), 6.48 (d, 1HJ=5.50), 6.33 (s, 1H), 6.22-6.17 (m, 1H), 2.27 (d) 3C NMR
(125 MHz, ¢-DMSO, ppm) 164.6, 155.4, 153.8, 152.5, 138.3, 1,3434.5, 129.2,
128.5, 127.9, 124.9, 123.7, 118.7, 114.1, 111.40 Analysis by calculation for

Ci16H14N204: C, 64.42; H, 4.73; N, 9.39 %. Found: C, 63.794H8; N, 9.49%

2.1.6. Synthesis of 3-hydroxy-4-K)-(2-hydroxyphenyl)diazenyl]phenyl prop-2-
enoat, (6)

The same procedure was used for the synthesisngpaand5 and compound. The
product was then recrystallized from THF/water|diieg a product with a m.p. in the
range of 113-115°C. Yield 72 %. IR (&n 3202 (OH), 3064, 2922, 2853 (C-H), 1740
(C=0), 1615, 1581 (>C=C<), 1241, 1125 (Ar{B) NMR (500 MHz, @-DMSO, ppm):
12.80 (s, 1H) 11.46 (s, 1H), 7.88 (d, 1H, J=7.5)37d, 1H, J=6.5), 7.67 (d, 1H, J=7.5),

7.29 (t, 1H, J=6.5), 7.06 (d, 1H, J=4.0), 6.95LH, J=6.5), 6.87-6.85 (m, 1H), 6.49 (d,
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1H, J= 4.0), 6.37 (s,1H), 6.22-6.15 (m, 1¥¢ NMR (125 MHz, ¢-DMSO, ppm)
164.5, 162.3, 155.4, 154.3, 138.7, 137.8, 136.2.113128.1, 121.8, 120.3, 118.9,
118.8, 109.6, 103.6 Analysis by calculation fQeH;,N.O,4: C, 63.38; H, 4.25; N, 9.85

%. Found: C, 63.06; H, 4.08; N, 9.13%

2.1.7. Synthesis of 3-hydroxy-4-f)-(5-chloro-2-hydroxyphenyl)diazenyl]phenyl

prop-2-enoat, (7)

The same procedure was used for the synthesisngpaand5 and compound. The
product was then recrystallized from THF/water|diieg a product with a m.p. in the
range of 180-182°C. Yield 54 %. IR (& 3082 (-OH), 2970, 2852 (C-H), 1746
(>C=0), 1622, 1595 (>C=C<), 1256, 1158 (Ar-0), 29CI) *H NMR (500 MHz, ¢-
DMSO, ppm): 12.65 (s, 1H) 11.18 (s, 1H), 7.75 ),T7.71 (d, 1H, J=10.0), 7.58-7.40
(m, 1H), 7.31 (d, 1H, J=10.0), 7.06 (d, 1H, J=106093 (d, 1H, J=10.0), 6.60-6.45 (m,
1H), 6.37 (s, 1H), 6.25-6.16 (m, 1¥JC NMR (125 MHz, ¢DMSO, ppm) 164.4,
157.3, 152.2, 1455, 143.2, 137.8, 134.6, 131.5,42126.8, 123.6, 118.7, 116.7,
109.3, 102.9 Analysis by calculation fogs811CIN,O4: C, 56.53; H, 3.48; N, 8.79 %.

Found: C, 56.26; H, 3.40; N, 8.76%

2.1.8. Synthesis of 3-hydroxy-4-K)-(2-hydroxy-5-nitrophenyl)diazenyl]phenyl

prop-2-enoat, (8)

The same procedure was used for the synthesisngpaand2 and compoun@®. The
product was then recrystallized from THF/water|diigg a product with a m.p. in the
range of 116-118°C. Yield 62 %. IR (¢jn 3178 (-OH), 3100, 2918, 2853 (C-H), 1749
(C=0), 1623, 1578 (>C=C<), 1527, 1343 (NO1211, 1112 (Ar-O) }H NMR (500

MHz, ds-DMSO, ppm): 13.15 (s, 1H) 11.98 (s, 1H), 8.701(d), 8.15-8.12 (m, 1H),
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7.95 (d, 1H,J=7.50), 7.78-7.71 (m, 1H), 7.60 (d, 18%7.50), 6.98-6.78 (m, 1H), 6.57-
6.48 (m,1H), 6.30 (s, 1H), 6.13-6.07 (m, 18 NMR (125 MHz, ¢DMSO, ppm)
164.9, 159.0, 157.8, 150.9, 146.1, 142.7, 135.8.313127.3, 124.9, 117.9, 114.5,
112.0, 109.7, 102.9. Analysis by calculation fosHG1N2Os: C, 54.72; H, 3.37; N,

12.76 %. Found: C, 54.42; H, 3.40; N, 12.05%

2.2. Computational Methods

Structural optimization of compounds was performed DFT calculations using
suitable basis sets without any geometric condtaifhe Kohn-Sham density
functional theory [33-34] was used to calculate tbempounds’ ground-state
geometries and excitation energies. Molecular &ires of the compounds in the
ground state were optimized using the M06 methdudwis a set of four meta-hybrid
GGA DFT functionals) with 3-21G basis set; the BR_Yhethod Becke3—Lee—Yang—
Parr hybrid functiona) with 6-311++G and 6-311++G(2d,2p) basis sets; #mal

PBE1PBE method (which is the generalized-gradippt@imation exchange—
correlation functional of Perdew, Burke, and Erho€r with cc—pvtz basis set in

chloroform, dimethylformamide, and ethanol solvents

In order to determine the minimum energy level munftion of the compounds,
compoundl was dihedrally scanned around the N=N bond wishea size of 18° for a
total of 20 steps (Figure 2). The most suitableedil angle that gives the minimum
energy level of the compound between the phenygsriwas calculated as 7.74°.
Calculations for geometric optimization of the remmdg compounds followed the

aforementioned protocol. In the calculations, tfmenpounds’ minimum molecular
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energies were obtained by the level 6-311++G(2d/2mis set using the B3LYP
method. The optimized geometries were used in U¥-Based molecular calculations.
The self-consistent reaction field (SCRF) methodd ahe conductor-polarizable
continuum model (CPCM) were used for such calometi The frontier molecular
orbitals (FMOs) energies were also calculated aghmesame methods and basis sets.
FMO energy eigenvalues were used to calculate glimical reactivity parameters
such as chemical hardness, chemical softness, lanttomegativity. Dipole moment
and molecular electrostatic potential (MEP) surfacd the optimized molecular
structures were examined using the theoreticalteesdl calculations in the study were

performed using the GAUSSIAN 09 software packaggm@m [35].

3. Results and Discussion
3.1. Synthesis

Figure 1 shows the synthetic route toward the agesdand previously unreported
acryloyl derivatives. All the compounds were sysihed as described previously [36].
Aromatic amines were effectively diazotized at G=58ising sodium nitrite and
hydrochloric acid. Esters were derived satisfabitdsy adding acryloyl chloride to the
sodium salts of the resorcinol dyes in an inert csjphmere, and purification was
performed in EtOH. Dye purity was verified using @lwith a chloroform:methanol
(4:1) solvent system. Azo dyes and their acrylayivchtives were identified through IR,

UV-Vis, *H NMR, and™C NMR spectroscopies.

3.2. IR spectral analysis
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Two hydroxyl peaks were determined in the IR s@eofrthe resorcinol dyes. The first
peak was at 3387—3095 chior the compounds containing an intramolecularrbgdn
bond between the phenolic and azo groups. The demuth narrow peak was observed
at 3540-3489 cm, attributable to free hydroxyl groups. The absorptband
corresponding to the free hydroxyl group was nateobed in the IR spectra of the
acryloyl derivatives. These observations indicateuecessful reaction. On comparing
the spectra of the azo dyes and their acryloylvdéxies, strong carbonyl peaks were
observed in the 1740-1749 Tmange (Table 1 and Fig. 3). The peaks between 2970
and 2852 cmt were assigned to the —C-H stretching frequencythef ethenyl (-
CH=CH,) moiety of the acryloyl derivatives. The remainisigetching bands at 1623—
1578 cm*, 1279-1236 ciit, and 1167—1110 cthwere attributed to ethenyl (GHCH-

), aromatic (-C=C-), -C(O)-O- and Ar-O-, respeclveAfter acryloyl derivative
esterification, the stretching frequencies of th@)30- group appeared as a broader
and stronger peak with Ar-O stretches in the saeggon. An—NH peak originating
from hydrazone enantiomers, which would appeahe ame region of the hydroxyl
peak, was not observed. Azo—hydrazone tautomesizatcurs via proton transfer from
the hydroxyl group to the azo group. In the litarat NH peaks are seen in the vicinity
of 3109 cm* as a weak peak [37]. Therefore, the absence of pdlks indicates that
the compounds are azo tautomers in solid state.

3.3. UV-Vis spectral analysis

UV-Vis spectral data were recorded in various sulvesuch as CHgI EtOH, and
DMF. The effect of pH on the absorption spectraamhpoundsi-8 was investigated
in DMF by adjusting the pH to 2 and 12 using 0.1.kib HCI and 0.1 mol.! NaOH.

Table 2 shows the UV-Vis absorption bands pertit@ebmpound4-8.
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The absorption maxim@nay for compound4-8 were measured in ethanol as 395-403
nm and 415-469 nm, in chloroform as 335-401 nm428+-436 nm, in DMF as 392—
428 nm and 435-529 nm, in DMF at pH 2 as 396-431anth441-511 nm, and in
DMF at pH 12 as 360-450 nm and 495-510 nm. Thiscatels a high molar
absorptivity attributable to the— 1 and n- 1t transitions. Figure 4 shows the UV—

Vis spectrum of compound These results are elaborated and explained next.

The Amax Of the dyes and their acryloyl derivatives in DM#th pH 12 showed a
slightly bathochromic shift compared with EtOH a@#Cl;. Azo dyel, bearing an
electron-donor substituent exhibited a bathochroamdt in EtOH. In contrast, azo
compounds3 and4, bearing electron-acceptor substituents, exhibatdd/psochromic
shift compared with unsubstituted azo compof2nResorcinol azo dyes4 featured a
hypsochromic shift compared to the correspondinglayl derivatives $-8) in all
solvents because of the electron-withdrawing efééthe acryloyl group. As a result of
the observed bathochromic shifts, pH 12 DMF favthie hydrazone tautomers.
Theoretical predictions of the hydrazone tautomg&r&E of compoundsl-8 were
undertaken to analyze in detail the tautomericlégiim observed in the experimental
UV-Vis data (Figure 5 and Section 3.5).

3.4. NMR spectral analysis

'H NMR and**C NMR chemical shifts were recorded ig@MSO. In the'H NMR
spectra of the azo dyes, peaks of three hydroxoums were observed as a singlet peak
at 12.81-12.65 ppm, 12.36-11.08 ppm, and 10.90#fjp4n. The protons of the two
hydroxyl groups in the esterified products wereedained between 11.95 and 11.08

ppm (and in the case of hydrogen bonding, from @®910.47 ppm). The third peak,
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which resonated in the range of 12.81-12.65 ppreapgieared as expected after
esterification. In Dyed and5, which bear a methyl group on the diazo unit, ryleth
protons resonated as a singlet peak at 2.27 ppmpé&hks between 8.70 and 6.07 ppm
were attributed to the signals of aromatic and lvprgtons (Table 3 and Fig. 6). The
3C NMR spectra of acryloyl derivatives showed a liteld signal at 164 ppm, which
can be attributed to the carbon atom of the >C=Qumgr Compoundd—4 may be
expected to favor the azo tautomer in DMSO solvente the carbonyl groups
expected for the hydrazone tautomer were not datedthe vinyl peaks of the acryloyl
derivatives resonated in the range of 162.3—-10pr, close to the aromatic carbon
atom region (Table 4). The peaks appearing at 2t pp compoundsl and5 are
attributed to the carbon atom of the methyl grolige NMR data obtained in this study

are consistent with the literature [38].

3.5. Theoretical Results

The results of the B3SLYP method with the 6-311 +€2d@, 2p) basis set were used in
this study due to experimental pertinence. The Adpe(supplementary data) shows
the data obtained from other methods and basis 3éts experimental UV-Vis
absorptions obtained in chloroform and ethanol canapfavorably with theoretical
calculations. The absorption wavelengths of comdeulr8 were calculated to be
between 411 nm and 443 nm in chloroform and betwlddnnm and 431 nm in ethanol

(Table 5).

The UV-Vis theoretical calculations indicate thad¢ toonding of the acryloyl group to
the resorcinol derivatives caused shifts to longeavelengths. Considering the

resorcinol derivatives, the absorption wavelengththe CH, Cl, and NQ substituents
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on them-position of the phenyl ring are as follows, 4. (1) > Amax(s) > Amax(7)- ThUs,
the m-CHj3 leads to an enhanced bathochromic shift in commpariom-Cl andm-NO..
This 4,4, trend is the same for GHCI, and NQ derivatives of acryloyl compounds

7, and8.

The absorption maxima in DMF shifted to longer wawagths in the experimental
studies than that in chloroform and ethanol. Expental UV studies showed that all
compounds absorbed in the 495-510 nm range at pHand in the 490-529 nm range
in DMF (not pH-adjusted). These shifts can be &sctito the conversion of the azo
compounds and their acryloyl derivatives to hydrezdautomers, as a function of
solvent and acidity. However, it is difficult to a&vate tautomerization through
experimental UV-Vis spectra. In order to -clarifyisthinterpretation, theoretical
calculations were performed with the B3LYP methathv6-311++G(2d,2p) basis set
for all possible hydrazone tautomeric structure®MF. Figure 6 shows the possible
tautomers. Theoretical results obtained for hydnas@ andE are most pertinent to the
experimental results (Table 6). The calculated UWeaaption values for the tautomers
were obtained in the range of 486-513 nm for B3I1b¢B/ Both the experimental and
theoretical results showed that the UV-Vis absondiof the resorcinol derivative,
considering the possible tautomers, manifest attshwavelengths than their acryloyl

derivatives.

The molecular energy of compountis3 obtained using the B3LYP method with 6-
311++G(2d,2p) was calculated to be lower than dfi#tte other methods and basis sets.
In the calculations, the minimum molecular energasthe resorcinol derivative
compounds were calculated to be as follows: —13&Bau form-Cl (molecule3), —

1.003.271 au fom-NO, (molecule4), —838.030 au fom-CH3; (moleculel), and —
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798.701 au for the unsubstituted derivative (conmaid). A similar sequence of energy
values was also observed for acryloyl derivative® 5, and6. Furthermore, the+NO,
substituted compound4é and 8 have a much larger dipole moment than the other
compounds. In comparisom-Cl substituted compoundsand7 have a larger dipole
moment than the remaining compounds 4, 5, and 6). Therefore, bonding of the
acryloyl group to the resorcinol derivatives causedecrease in the energy g€
ELumo — Enomo) and molecular hardness but caused an increastedtronegativity.
The highestAE and chemical hardness) (values were observed forNO, substituted
compoundsgl and8 (Table 7). Appendix 1-3 provides additional data.

Calculations for the azo-hydrazone tautomers psavidemarkable results. The
molecular energies of the hydrazones should berltiveen those of the azo compounds.
It is obvious that theoretical calculations gaveuits that support this expectation
(Table 8). However, the relationship between tHeutated minimum molecular energy
levels of possible tautomers may not be the ondiication of which tautomers are
present over the course of the experiment. Thealetialculations indicate that the
compound with the lowest molecular energy for tlke-dydrazo compounds is the
possible hydroazo tautomér, and the proposed tautomeric structOrdor acryloyl
group molecules has lower molecular energies thaset of the remaining possible
structures (Appendix 4). However, when the caladatnergy gapAEg) of possible
tautomers is examined, one encounters an integesgsult: within the proposed
tautomeric structures, the energy gapCoéind E, which compare favorably with the
experiments, is markedly smaller than that of ofessible situations. Similarly, the
chemical hardness values of compoufidandE are also calculated to be quite small

compared to other possible situations.
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Tautomerization affected LUMO energies more than M@D energies, and
consequently the difference between the HOMO-LUM@rgies decreased (Figure 7
for compoundsl and5; Appendices 5a and 5b show other HOMO-LUMO and ESP
maps of the azo—hydrazone tautomers). The chernardnhess for the ground state of
an N electronic system is defined as

. =1(62_E>
STRIZG)

1)
whereE is the electronic energy, N is the number of etext, and/(#) is the constant
external potential. Equation 1 can be expressechgudhe finite difference
approximation

n=3(—A), )
wherel and A can be approximated in terms of the energies efRNOs; i.e.] =
—Exomo @ndA = —Ejymo [39]. From Equations 1 and 2, the hydrazone taatsmare

more likely to be chemically reactive than the azmtomers. In other words,

hydrazones are chemically softer than azo tautamers

In addition, a noticeable increase in dipole momeasitthe hydrazone tautomers was
observed. In particular, the dipole moments of conmals4 and8 bearingm-NO, were

higher than those of other molecules. An intergssituation pertains to the correlation
between the energy gap of possible hydrazone awd taztomers. The Pearson
correlation coefficient R of the relationship beénethe energy gaps of hydrazories

and E and the azo tautomers of compourdgd8 was calculated to be 0.4988. For a
combination of hydrazones, B, andD, the correlation coefficients were calculated to

be 0.7809 foA-D and 0.8209 foB, D (Graphic 1).
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The HOMO-LUMO energies of hydrazon€sandE, which compare more favorably
with the experimental UV-Vis values, changed iesstcorrelated fashion than those of
the other hydrazones. In other words, if there ikigher correlation between the
hydrazone and azo tautomers, the molecular electoomfigurations of the compounds
are more protected; i.e., more resistant to a garditional change. Therefore, these

structures contribute less to the tautomerism.

4. Conclusion

In this researchp,o0-dihydroxy azo dyes that bear an acryloyl moietyevgynthesized
through a reaction betweerp-dihydroxy azo dyes and acryloyl chloride in a nalar
ratio. The structures of these compounds were cteized using IR, UV-Vis'H
NMR, and**C NMR. In the UV-Vis spectra, the absorptions ahpoundsl-8in DMF
revealed significant shifts in acidic and basicdibans compared with neutral pH and
other solvents. After esterification, free hydroypgaks did not appear in the IR spectra
as expected. In th&’C NMR spectra of the acryloyl compounds ig@MSO, a
carbonyl peak was observed in the vicinity of 16gmp Both IR and NMR
spectroscopies showed that azo tautomers of azo aangloyl derivatives were
dominant in the solid state and DMSO solvent.

The tautomerism proposed from experimental UV-\Vasadwas studied in detail by
qguantum chemical calculations. Consequently, treede@ correlation and energy gap,
AE, was useful to determine the dominant tautom&lthough the energy gaps of
structuresC and E were smaller than other hydrazones, the Pearsorelaton

coefficient (R) of the relationship between struesC andE and the azo structures was
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lower than that of other correlations. The chemi@ldness of hydrazon€sandE was
calculated to be lower than that of other hydragoi® the best of our knowledge, this
report is the first example af,o-dihydroxy resorcinol azo dyes bearing an acryloyl

moiety.
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Table 3. *H NMR spectral results of compounds 1-8

R R H
2 1 2 12

HO, N HO o) / H
7 6 13

3 N 7

\ o 3 N
N OH \\
4 N © Hip
OH 10 9 4
° OH
5 10 9

R=CH; (1), -H (2), -CI (3), NO, (4) R=CHj3 (5), -H (6), -Cl (7), NO, (8)
Compound OH ~ _AzoPhenyl-H ResorcinleH Acryloyl-lH
H5 H6 H8 H3 H2 H1 — H4 HIO  H9  H7  H12 H1L HI3
1 12.81(s) 11.08(s) 1047(s) 7.68(d) 2.27(s) 7.55(s) 6.92(d) 7.12(d) 6.47(d) 6.37(9 - - -
J=7.0 J=7.0 J=55 J=55
2 12.68(s) 11.42(s) 1049(s) 7.30(d) 6.96(t) 7.74(d) 7.69(d) 7.03(d) 6.48(d) 6.38(9 - - -
J=55 J=6.5 J=7.0 J=6.5 J=7.0 J=7.0
3 12.65(s) 11.18(s) 1061(s) 7.72(d) - 7.75(s) 7.05(d) 7.31(d) 6.49(d) 6.37(5) - i i
J=75 J=7.5 J=8.2 J=8.2
4 12.79(s) 12.36(s) 10.77(s) 815(d) - 849(s) 651(d) 7.76(d) 7.21(d) 6.38() - - _
J=5.0 J=5.0 J=75 J=7.5
5 12.84(s) 11.09(s) - 767(d) 227( 754(s) 692(d) 7.10(d) 6.48(d) 6.33(s) 7.35-7.16(m) 6.58-6.50 (M) 6.22-6.17 (M)
J=7.0 J=7.0 J=55 J=55
6 12.80(s) 11.46(s) - 729(t) 696(t) 7.67(d) 7.73(d) 7.88(d) 7.06(d) 6.37(s) 6.87-6.85(m) 6.49 (d) 6.22-6.15 (m)
J=6.5 J=6.5 J=75 J=6.5 J=75 J=4.0 J=4.0
7 12.65(s) 11.18(s) - 771(d) - 775(s) 7.06(d) 7.31(d) 6.93(d) 6.37(9) 7.58-740(m) 6.60-6.45(m) 6.25-6.16 (M)
J=10.0 J=10.0 J=10.0 J=10.0
8 13.15(s) 11.98() - 8.158.12 - 8.70(s) 7.78-7.71 7.95(d) 7.60(d) 6.30(S) 6.98-6.78(m) 6.57-6.48(m) 6.13-6.07 (M)

(m) (m) J=175 J=75




Table 4. *C NMR spectral results of compounds 1-8

HO O / 15
8 9

13 14
7 10 o
R=CH; (1,5), -H (2,6), -Cl (3,7), NO. (4,8)
12 11

C10 C8 Cc2 C15 C4 Cl4 C5 C6 Cl12 Cl Cc7 C3 Cl1 C9 R
- 1629 1573 1514 - 1370 - 132.7 1324 1289 1283 1214 1178 1094 1035 205
- 1631 1574 1535 - 1375 - 1221 1280 1324 1319 1201 1180 1095 1035 -
- 163.8 157.8 152.7 - 1383 - 129.0 1311 1241 1328 1196 1193 1099 1036 -

- 1644  159.6 1583 - 1295 - 1329 1370 1264 1406 1184 1149 1102 1034 -
164.6 1554 1538 1525 1383 1347 1292 1249 1279 1285 1345 1237 1187 1141 1113 210
164.5 162.3 1554 1543 1378 1387 1281 1321 1360 1218 1189 1203 1188 1096 1036 -
164.4 1573 1522 1455 1432 1378 1346 1268 1274 1236 1315 1187 1167 1093 1029 -
164.9 1590 150.9 1578 1427 1249 1351 1273 1333 1145 1461 1179 1120 109.7 1029 -

O~NO O WNE
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Table 1. IR spectral results of compounds 1-8

Compound  vg.y Ve Ve Ve-o Vec Var-o Other functional
Arom. Alkene gl’ OUpS
1 3277 3067 - - 1621 1178 2976 and
2916 (CHjy)
2 3488 3095 - - 1623 1167 -
3199
3 3447 3080 - - 1627 1169 980 (C-ClI)
3187
4 3492 3093 - - 1621 1182 1516 and
3404 1338 (NOy)
5 3198 3072 2922 1742 1624 1240 2922 (CHy)
1601 1160
6 3202 3064 2922 1740 1615 1241 -
2853 1581 1125
7 3082 3082 2970 1746 1622 1256 979 (C-ClI)
2852 1595 1158
8 3178 3100 2918 1749 1623 1211 1527 and
2853 1578 1112 1343 (NOy)

Table 2. The Uv-Vis data of the related compounds (1-8)

Wavelength [Ayax(nm)] (loge (L/mol.cm))

Compound  CHCI EtOH DME ("E';:AlF')Z) (pH= 12) (DMF)
400° (4.73) 428 (4.60) 360 (3.94)
1 446 o9 (a77) 496° (4.36) SUL () 505 (4.22)
. 400 (4,64) 396 (4.51)
2 400°(459)  397°(4.62) 435° (4.59) 431°(4.45) 497 (4.63)
428(464) 421 (461) 491° (4.26) 500° (4.06)
A0S (446) 40T (4.77) 425 (4.75) 408 (4.59)
8 436(453) 423 (4.73) 516° (4.29) 423° (4.58) S (1)
A01°(475) 402 (A.74) 415 (4.61) 450°(4.68)
4 431(483) M3 (473) 510 (4.63) 404 (4.54) 504 (4.72)
: A01°(446)  399° (4.70) 408 (4.52) 420 (4.46) S
430(450) 415 (4.69) 523° (4.11) 484%(4.12) :
402 (4.56) 412 (4.02)
6 393(459) 39 (4.76) 428°(4.53) 433° (4.39) 498 (4.58)
AT (460)  421°(472) el S Ao
343(4.51)
412 (4.57) 407 (4.52)
7 400(454) 403 (4.79) A . 495 (4.66)
e e 501° (4.32) 431° (4.49)
. sosaey 1200459 o ((2'381)) 309 (4.43) 449° (4.46)
: 469° (4.44) S 441%(4.37) 510 (4.50)

®: Shoulder peaks



Table5. The UV-Visdataof azo forms ca culated by some method and basis sets (BS1, BS2 and BS3) in solvents
(S1, S2 and S3)

M ethods and Basis Sets
Compound M 06/bs1 PBE1PBE/bs2 B3LYP/bs3 B3LYP/bs4

SI S22 S3 S1 2 B S 2 B S R s3

445 450 442 414 413 411 429 428 426 442 441 439
434 433 431 403 402 400 417 416 414 428 427 425
441 439 437 414 413 404 429 427 425 435 433 431
427 426 424 397 397 395 411 407 406 418 418 416
456 455 453 420 419 416 443 433 431 447 445 444
443 442 440 411 410 408 427 426 424 437 436 434
451 449 447 421 418 417 434 431 430 440 436 440

8 437 435 434 402 400 399 415 412 411 433 418 417
S1:Chloroform, S2: DMF, S3:Ethanol; bsl: 3-21g, bs2: cc-pvtz, bs3: 6-311++g(2d,2p), bs4: 6-311++g

N o O WN R

Table 6. Theoretical UV-Vis results for possible tautomeric structuresin DMF solvent

M ethod Hydrazoneforms Hydrazone forms (acryloyl
and (resorcinol dyes) Compound derivatives)
Compound A B C D E

1 477 462 498 5 500 486
g 2 464 446 490 6 485 487
é 3 464 443 503 7 487 501

4 449 424 504 8 476 505
Q 1 474 465 506 5 493 499
£ 2 463 448 495 6 481 486
; g 467 453 513 7 487 505
@ 4 453 422 503 8 470 496

bsl: 3-21g, bs3: 6-311++g(2d.2p)

Table 7. Theoretical calculations of molecules 1-8 (B3lyp/6-311++g(2d,2p))

Molecule E (au) Epomo (€V) Iig\?‘)" AE n (eVv) o (VY x (eV) m (Debye)
1 -838.030 -5.944 -2.670 3.274 1.637 0.611 4.307 1.147
2 -798.701 -6.069 -2.722 3347 1674 0.598 4.396 1.671
3 -1258.324 -6.180 -2.924 3256 1.628 0.614 4.552 3.894
4 -1003.271 -6.582 -3.198 3.384 1.692 0.591 4.890 7.840
5 -1028.819 -6.090 -2.873 3.217 1.609 0.622 4.482 1.818
6 -989.490 -6.224 -2923 3301 1.651 0.606 4574 1712
7 -1449.113 -6.320 -3.089 3231 1.616 0.619 4.705 3.062
8 -1194.060 -6.728 -3.353 3375 1.688 0.593 5.041 6.821

E: Energy; AE: Epumo — Enomo: M: Chemical Hardness ; a: Chemical softness y: Electronegativity; m: Dipole moment



Table 8. Theoretical calculations of possible hydrazone C and E (by method B3LY P with 6-311++g(2d,2p) basis
sef)

Molecule E (au) Ejomo (€V) IEZ‘\'/“)" AE n (eV) o (eV?h x (eV) m (Debye)
1-C -838.032 -5.723 -3.020 2.703 1.352 0.740 4.372 1.154
2-C -798.703 -5.849 -3.075 2774 1.387 0.721 4.462 2313
3-C -1258.326 -5.872 -3.201 2671 1.336 0.749 4.537 5.090
4-C -1003.280 -6.239 -3.469 2.770 1.385 0.722 4.854 12.122
5-E -1028.823 -5.917 -3.144 2773 1.387 0.721 4531 2.339
6-E -989.493 -6.058 -3.205 2.853 1.427 0.701 4.632 2.505
7-E -1449.116 -6.070 -3.332 2.738 1.369 0.730 4.701 3.873
8-E -1194.069 -6.469 -3.616 2.853 1.427 0.701 5.043 10.146

E: Energy; AE: Epmo — Enomo: Mm: Chemical Hardness ; : Chemical softness ; y: Electronegativity; m: Dipole moment
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CAPTIONS
The synthesis of 0,0-dihyroxyazo dyes including acryloyl moiety

Dihedral scanning of the compound 1

The IR spectrum for 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]-
phenyl prop-2-enoat, 6

The UV-Vis spectraof 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]-
phenyl prop-2-enoat (7), in CHCl3, EtOH, DMF, DMF (pH = 2), DMF (pH = 12)
1.0x10° mol.L™.

The Azo-Hydrazone tautomer forms of the compounds

The 'H-NMR spectrum for 3-Hydroxy-4-[(E)-(5-chloro-2-
hydroxyphenyl)diazenyl]-phenyl prop-2-enoat, 6

HOMO-LUMO and ESP maps of compounds 1 and 2, and their tautomeric forms (C and
E).
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Figure 1. The synthesis of 0,0-dihyroxyazo dyes including acryloyl moiety
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Figure 2. Dihedral scanning of the compound 1
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Figure 3. The IR spectrum for 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]-phenyl

prop-2-enoat, 6
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Figure 4. The UV-Vis spectra of 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]phenyl
prop-2-enoat (7), in CHCls, EtOH, DMF, DMF (pH = 2), DMF (pH = 12) 1.0 x10™ mol.L™.
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Highlights

= Novel 0,0-dihydroxyazo dyes containing an acryloyl moietyeres synthesized and
characterized.

» The azo-hydrazone tautomerism was investigatedyus\+Vis spectroscopy and DFT
calculations.

» These compounds are useful for synthesizing nagglric dyes.





