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The structures of several azo-benzoic acids, 4-[((E)-1-{2-hydroxy-5-[(E)-2-(aryl)-1-dia-
zenyl]phenyl}methylidene)amino]benzoic acid along with their precursors 2-hydroxy-5-[(E)-(aryldia-
zenyl)]benzaldehydes were confirmed using 1H, 13C NMR, UV–VIS and IR spectroscopic techniques.
UV–VIS absorption spectra were measured in pure organic solvents while complementary spectroscopic
experiments using mixed solvent systems as well as in the presence of base were undertaken to char-
acterize the different species present in solution. Both acid–base dissociation and azo–hydrazone
tautomerism occurred in solution, with the extent of the individual equilibria being dependent on the
solvent composition and/or pH of the medium. Molecular structures and geometries were optimized
using the B3LYP density functional theory method employing the 6-31G(d) basis set.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Salicylaldehyde and their metal complexes are well established
[1–3]. More useful organic reagents having the properties of
salicylaldehyde together with other desired features, e.g., 5-(ary-
lazo)salicylaldehyde hereafter termed as 2-hydroxy-5-[(E)-(aryl-
diazenyl)]benzaldehydes were also reported. The chemical
properties of 2-hydroxy-5-[(E)-(aryldiazenyl)]benzaldehyde and its
derivatives are of interest due to their coordination capacity with
various metal ions such as U(VI) [4], Pd(II) [4], Co(II) [5], Cu(II) [6,7],
Ni(II) [8], Mn(II) [9], Sn(II) [10] and Sn(IV) [11]. These reagents were
also condensed with anilines which resulted in 5-phenyl-
azosalicylidene aniline and its coordination abilities towards
various metals viz., Fe(III), Co(II), Ni(II) and Cu(II) were studied [12].
Recently, a few Cu(II) complexes of some related systems obtained
by condensation of 2-hydroxy-5-[(E)-(aryldiazenyl)]benzaldehyde
with di- and tri-amine have also been reported and the structure of
one of the complex was determined using single crystal X-ray
crystallography [13].
hotmail.com (T.S. Basu Baul).

All rights reserved.
Recently, we have also investigated related polyaromatic
systems, e.g., 2-{(E)-4-hydroxy-3-[(E)-4-(aryl)iminomethyl]phe-
nyldiazenyl}benzoic acids (1a–d) (Fig. 1), which contain both azo
and imino linkages, owing to possible mesogenic properties. The
structures of 1a [14], 1b [15] and 1c [16] were also determined
using X-ray crystallography which revealed that the three-ring
system assumes an extended conformation, with both outer rings
slightly twisted with respect to the central aromatic ring. The
carboxylic acid group (in ring C) is coplanar with its parent phenyl
ring. The metric parameters within the molecules are similar,
except that 1a exists in a zwitterionic form [14]. Further, these
systems were investigated for their coordination behaviour
towards organotin(IV) in order to find their possible uses as met-
allomesogens. The triorganotin(IV) complexes of the general
formula R3Sn[O2CC6H4{N]N(C6H3-4-OH(C(H)]NC6H4X-4))}-o]
(R¼ nBu and Ph; X¼ –CH3, –Br, –Cl or –OCH3) also provided
structural diversity in the crystalline state and their interesting
biological activity [17–20].

Further, 2-hydroxy-5-[(E)-(aryldiazenyl)]benzaldehyde (2a–d)
(Fig. 1) can exist in two coloured acid–base forms (neutral and
anion), depending on pH of the solution. In addition to acid–base
dissociation equilibrium, this group of compounds can exhibit
azo–hydrazone tautomerism as exemplified for arylazophenols in
Fig. 2(a). Such studies involving substituted azo dyes are directly
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Fig. 1. General structure, reaction schemes and 1H and 13C NMR numbering schemes of the (i) 2-{(E)-4-hydroxy-3-[(E)-4-(aryl)iminomethyl]phenyldiazenyl}benzoic acid (R¼ CH3:
1a; ¼Br: 1b; ¼Cl: 1c; ¼OCH3: 1d), (ii) 2-hydroxy-5-[(E)-(aryldiazenyl)]benzaldehyde (R¼H: 2a; ¼2-CH3: 2b; ¼3-CH3: 2c; ¼4-CH3: 2d) and (iii) 4-[((E)-1-{2-hydroxy-5-[(E)-2-(aryl)-
1-diazenyl]phenyl}methylidene)amino]benzoic acid (R¼H: 3a; ¼2-CH3: 3b; ¼3-CH3: 3c; ¼4-CH3: 3d). H and H0 refer to the hydroxyl and carboxylic acid protons, respectively.
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associated to their frequent use in spectrophotometric determi-
nation of metal ions [21]. Furthermore, various salicylideneani-
lines like 3a–d (Fig. 1) have attracted considerable attention both
experimentally [22–24] and theoretically [25,26] because of their
structural simplicity, and also capable of exhibiting intra-
molecular proton transfer on photoexcitation towards the
formation of relatively long lived photochromic product
(Fig. 2(b)).

Given the synthetic and structural importance and the
potential biological activity of such polyaromatic systems, it is of
interest to explore the structure and properties of the analogous
systems where now the carboxylic acid group is placed in p-
position of ring A (see Fig. 1(3a–d)). The present contribution
details the preparation and spectroscopic characterization of four
4-[((E)-1-{2-hydroxy-5-[(E)-2-(aryl)-1-diazenyl]phenyl}-meth-
ylidene)amino]benzoic acids (Fig. 1(3a–d)) along with their four
precursors viz., 2-hydroxy-5-[(E)-(aryldiazenyl)]benzaldehydes
(Fig. 1(2a–d)).
2. Experimental

2.1. Materials

Salicylaldehyde (Lancaster) and p-aminobenzoic acid (Merck)
were used without further purification while the substituted
anilines (reagent grade) were distilled prior to use. The solvents
used in the reactions were of AR grade and dried using standard
procedures, whereas, for UV–VIS experiments spectroscopic grade
solvents (>99.9%) were procured from SRL, India and used without
any further purification.
2.2. Physical measurements

Carbon, hydrogen and nitrogen analyses were performed with
a Perkin Elmer 2400 series II instrument. IR spectra in the range
4000–400 cm�1 were obtained on either a BOMEM DA-8 FT-IR or
a Perkin Elmer Spectrum BX series FT-IR spectrophotometer with
samples investigated as KBr discs. The 1H and 13C NMR spectra of 2-
hydroxy-5-[(E)-(aryldiazenyl)]benzaldehyde (2a–d) and 4-[((E)-1-
{2-hydroxy-5-[(E)-2-(aryl)-1-diazenyl]-phenyl}methylidene)ami
no]benzoic acid (3a–d) were acquired on a Varian INOVA spec-
trometer operating at 599.91 and 150.85 MHz, respectively. Steady-
state absorption spectra were recorded on a Perkin–Elmer model
Lambda25 absorption spectrophotometer using quartz cuvettes of
10 mm optical path length received from PerkinElmer, USA. The pH
variation experiments were carried out in a Systronics m-pH system
(type 361, resolution 0.01 pH) at constant temperature (293 K). The
sample concentration (ca. 8–10�10�6 mol dm�3) was low enough
to avoid any aggregation.
2.3. Synthesis

The compounds 4-[((E)-1-{2-hydroxy-5-[(E)-2-(aryl)-1-dia-
zenyl]phenyl}-methylidene)amino]benzoic acids (3a–d) were
synthesized by condensing 2-hydroxy-5-[(E)-(aryldiaze-
nyl)]benzaldehydes (2a–d) with p-aminobenzoic acid.

2.3.1. Preparation of 2-hydroxy-5-[(E)-(aryldiazenyl)]benzaldehyde
(2a–d)

The compounds, viz. 2-hydroxy-5-[(E)-phenyldiazenyl]- (2a), 2-
hydroxy-5-[(E)-(2-methylphenyl)diazenyl]- (2b), 2-hydroxy-5-



Fig. 2. Various possible structural species in (a) arylazophenols and (b) salicylideneanilines.
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[(E)-(3-methylphenyl)-diazenyl]- (2c) and 2-hydroxy-5-[(E)-(4-
methylphenyl)diazenyl]benzaldehyde (2d) were prepared by
reacting appropriate aryldiazonium chloride with salicylaldehyde
by previously reported method [27] and the purities were estab-
lished by their characterization and spectroscopic data which are
presented below.

2.3.1.1. Preparation of 2-hydroxy-5-[(E)-phenyldiazenyl]benzaldehyde
(2a). Recrystallized from methanol to give yellow microcrystalline
product in 60% yield. M.p.: 118–120 �C. Anal. Found. C, 68.92; H, 4.39;
N, 12.50. Calc. for C13H10N2O2: C, 69.02; H, 4.42; N, 12.38%. IR (cm�1):
1666 n(C]O). 1H NMR (CDCl3); dH: 7.12 [d, 8.4 Hz, 1H, A–H3], 7.46 [t,
7.8 Hz, 1H, B–H4], 7.48–7.54 [m, 2H, B–H3/H5], 7.89 [d, 7.8 Hz, 2H, B–
H2/H6], 8.17 [dd, 2.4 & 8.4 Hz, 1H, A–H4], 8.20 [d, 2.4 Hz, 1H, A–H6],
10.03 [s, 1H, CHO], 11.32 [s, 1H, OH] ppm. 13C NMR (CDCl3); dC: 118.5
[A–C3], 120.3 [A–C1], 122.7 [B–C2/C6], 129.1 [B–C3/C5], 129.3 [A–C6],
130.7 [A–C4], 131.0 [B–C4], 145.9 [A–C5], 152.4 [B–C1], 163.5 [A–C2],
196.5 [CHO] ppm.

2.3.1.2. Preparation of 2-hydroxy-5-[(E)-(2-methylphenyl)l]benzald-
ehyde (2b). Recrystallized from methanol to give reddish brown
microcrystalline product in 70% yield. M.p.: 110–112 �C. Anal. Found.
C, 70.12; H, 4.85; N, 11.46. Calc. for C14H12N2O2: C, 70.00; H, 5.00; N,
11.66%. IR (cm�1): 1659 n(C]O). 1H NMR (CDCl3); dH: 2.72 [s, 3H,
CH3], 7.11 [d, 8.4 Hz,1H, A–H3], 7.27 [dt,1.8 & 7.8 Hz,1H, B–H5], 7.33–
7.38 [m, 2H, B–H3/H4], 7.62 [dd, 1.8 & 7.8 Hz, 1H, B–H6], 8.15 [dd, 2.4
& 8.4 Hz, 1H, A–H4], 8.18 [d, 2.4 Hz, 1H, A–H6], 10.02 [s, 1H, CHO],
11.32 [s, 1H, OH] ppm. 13C NMR (CDCl3); dC: 15.5 [CH3], 115.4 [B–C6],
118.5 [A–C3], 120.3 [A–C1], 126.4 [B–C5],129.7 [B–C6], 130.3 [A–C4],
130.9 [B–C4], 131.5 [B–C3], 138.0 [B–C2], 146.3 [A–C5], 150.4 [B–C1],
163.6 [A–C2], 196.5 [CHO] ppm.

2.3.1.3. Preparation of 2-hydroxy-5-[(E)-(3-methylphenyl)-diazenyl]-
benzaldehyde (2c). Recrystallized from ethanol to give brown
crystalline product in 78% yield. M.p.: 115–116 �C. Anal. Found. C,
70.02; H, 4.95; N, 11.40. Calc. for C14H12N2O2: C, 70.00; H, 5.00; N,
11.66%. IR (cm�1): 1659 n(C]O). 1H NMR (CDCl3); dH: 2.46 [s, 3H,
CH3], 7.12 [d, 8.4 Hz, 1H, A–H3], 7.29 [dt, 7.8 & 1.8 Hz, 1H, B–H4], 7.41
[t, 7.8 Hz, 1H, B–H5], 7.70–7.71 [m, 2H, B–H2/6], 8.17 [dd, 2.4 &
8.4 Hz, 1H, A–H4], 8.19 [d, 2.4 Hz, 1H, A–H6], 10.02 [s, 1H, CHO],
11.31 [s, 1H, OH] ppm. 13C NMR (CDCl3); dC: 21.3 [CH3], 118.5 [A–C3],
120.3 [A–C1], 120.4 [B–C6], 122.9 [B–C2], 128.9 [B–C5], 129.2 [A–
C6], 130.7 [A–C4], 131.8 [B–C4], 139.1 [A–C3], 145.9 [A–C5], 152.5 [B–
C1], 163.7 [A–C2], 196.5 [CHO] ppm.

2.3.1.4. Preparation of 2-hydroxy-5-[(E)-(4-methylphenyl)-dia-
zenyl]benzaldehyde (2d). Recrystallized from methanol to give
yellow microcrystalline product in 79% yield. M.p.: 128–130 �C.
Anal. Found. C, 69.92; H, 4.82; N, 11.56. Calc. for C14H12N2O2: C,
70.00; H, 5.00; N, 11.66%. IR (cm�1): 1659 n(C]O). 1H NMR (CDCl3);
dH: 2.44 [s, 3H, CH3], 7.11 [d, 8.4 Hz, 1H, A–H3], 7.31 [AA0 portion of
AA0XX0, 2H, B–H3/H5], 7.81 [XX0 portion of AA0XX0, 2H, B–H2/H6],
8.16 [dd, 8.4 & 2.4 Hz, 1H, A–H4], 8.17 [d, 2.4 Hz, 1H, A–H6], 10.02 [s,
1H, CHO], 11.3 [s, 1H, OH] ppm. 13C NMR (CDCl3); dC: 21.5 [CH3],
118.5 [A–C3], 120.3 [A–C1], 122.7 [B–C2/C6], 129.0 [A–C6], 129.8 [B–
C3/C5], 130.7 [A–C4], 141.7 [B–C4], 145.9 [A–C5], 150.5 [B–C1], 163.5
[A–C2], 196.6 [CHO] ppm.

2.3.2. Preparation of 4-[((E)-1-{2-hydroxy-5-[(E)-2-(aryl)-1-
diazenyl]phenyl}methylidene)amino]benzoic acid (3a–d)

A typical procedure is described below.

2.3.2.1. Preparation of 4-[((E)-1-{2-hydroxy-5-[(E)-2-phenyl-1-dia-
zenyl]phenyl}methylidene)amino]benzoic acid (3a). An equimolar
amount of p-aminobenzoic acid (0.61 g, 4.42 mmol) in hot ethanol
(20 ml) was added slowly to a hot ethanol solution (50 ml) con-
taining 2-hydroxy-5-[(E)-phenyldiazenyl]benzaldehyde (2a)
(1.00 g, 4.42 mmol) and the reaction mixture was refluxed for 5 h.
The water formed during the reaction was removed using a Dean–
Stark apparatus. The reaction mixture was concentrated to half of



Table 1
Summary of the UV–VIS results for compounds (2a–d and 3a–d) in some repre-
sentative solvents.a

Compound lmax

CCl4 CH3CN DMSO CH3OH

2a 334, 445 (sh) 330, 440 (sh) 342, 450 (sh) 345
2b 339, 445 (sh) 335, 435 (sh) 346, 450 (sh) 352
2c 336, 445 (sh) 333, 435 (sh) 346, 450 (sh) 348
2d 338, 445 (sh) 335, 438 (sh) 347, 450(sh) 346
3a 333 333 345, 470 (sh) 335
3b 338 336 334, 468 (sh) 338
3c 338 334 345, 463 (sh) 339
3d 333 337 353, 462 (sh) 337

a lmax indicates the wavelength of maximum absorption in nm; (sh) indicates
a shoulder.
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the initial solvent volume on a hot plate, cooled to room temper-
ature whereupon a reddish orange solid precipitated. The precipi-
tate was filtered, washed with hexane (3� 5 ml) and then dried in
air. The crude product was washed with hot hexane to remove any
tarry materials. Yield: 1.12 g, 69.5%. M.p.: 264–266 �C. Anal. Found.
C, 69.50; H, 4.32; N, 11.98. Calc. for C20H15N3O3: C, 69.56; H, 4.38; N,
12.17%. IR (cm�1): 1699 n(C]O); 1622 n(C]N). 1H NMR (DMSO-d6);
dH: 7.15 [d, 9.0 Hz, 1H, B–H3], 7.50–7.54 [m, 3H, A–H3/H5 & C–H4],
7.56 [m, 2H, C–H3/H5], 7.84 [m, 2H, C–H2/H6], 8.02 [dd, 9.0 &
2.4 Hz, 1H, B–H4], 8.03 [XX0 portion of AA0XX0, 2H, A–H2/H6], 8.31
[d, 2.4 Hz, 1H, B–H6], 9.14 [s, 1H, CHN], 12.85 [br s, 1H, OH], 13.31 [br
s, 1H, OH] ppm. 13C NMR (DMSO-d6); dC: 117.9 [B–C3], 118.4 [B–C1],
121.5 [A–C3/C5], 122.3 [C–C2], 127.5 [B–C6], 127.6 [B–C5], 129.1 [A–
C1], 129.4 [C–C3], 130.7 [A–C2/C6], 130.9 [C–C4], 144.8 [B–C5], 151.6
[A–C4], 151.9 [C–C1], 163.4 [B–C2], 163.9 [CHN], 168.2 [CO2H] ppm.

The other 4-[((E)-1-{2-hydroxy-5-[(E)-2-(aryl)-1-dia-
zenyl]phenyl}methylidene)amino]benzoic acids (3b–c) were
prepared analogously by reacting appropriate 2-hydroxy-5-[(E)-
(aryldiazenyl)]benzaldehyde (2b–d) and p-aminobenzoic acid. The
characterization and spectroscopic data are presented below.

2.3.2.2. Preparation of 4-[((E)-1-{2-hydroxy-5-[(E)-2-(2-methyl-
phenyl)-1-diazenyl]phenyl}methylidene)amino]benzoic acid
(3b). Orange-red precipitate in 79% yield. M.p.: 248–250 �C. Anal.
Found. 69.95; H, 4.65; N, 11.65. Calc. for C21H17N3O3: C, 70.18; H,
4.77; N, 11.69%. IR (cm�1): 1692 n(C]O); 1623 n(C]N). 1H NMR
(DMSO-d6); dH: 2.67 [s, 3H, CH3], 7.16 [d, 8.4 Hz, 1H, B–H3], 7.28–
7.32 [m, 1H, C–H5], 7.38–7.42 [m, 2H, C–H3/H4], 7.53 [AA0 portion of
AA0XX0, 2H, A–H3/H5], 7.55 [d, 7.8 Hz, 1H, C–H6], 8.01 [dd, 8.4 &
2.4 Hz, 1H, B–H4], 8.03 [XX0 portion of AA0XX0, 2H, A–H2/H6], 8.32
[d, 2.4 Hz, 1H, B–H6], 9.16 [s, 1H, CHN], 12.75 [br s, 1H, OH], 13.37 [br
s, 1H, OH] ppm. 13C NMR (DMSO-d6); dC: 17.0 [CH3], 115.0 [C–C6],
118.4 [B–C3], 119.3 [B–C1], 121.6 [A–C3/C5], 126.5 [C–C5], 127.3 [B–
C4], 129.1 [A–C1], 128.1 [B–C6], 130.7 [A–C2/C6], 130.8 [C–C4], 131.3
[C–C3], 137.1 [C–C2], 145.3 [B–C5], 149.8 [C–C1], 151.5 [A–C4], 163.2
[B–C2], 164.1 [CHN], 166.8 [CO2H] ppm.

2.3.2.3. Preparation of 4-[((E)-1-{2-hydroxy-5-[(E)-2-(3-methyl-
phenyl)-1-diazenyl]phenyl}methylidene)amino]benzoic acid (3c).
Brick-red precipitate in 81% yield. M.p.: 262–264 �C. Anal. Found.
69.90; H, 4.70; N, 11.60. Calc. for C21H17N3O3: C, 70.18; H, 4.77; N,
11.69%. IR (cm�1): 1679 n(C]O); 1622 n(C]N). 1H NMR (DMSO-d6);
dH: 2.40 [s, 3H, CH3], 7.16 [dd, 9.0 Hz, 1H, B–H3], 7.38 [d, 8.4 Hz, 1H,
C–H4], 7.45 [t, 8.4 Hz, 1H, C–H5], 7.52 [AA0 portion of AA0XX0, 2H, A–
H3/H5], 7.65–7.67 [m, 2H, C–H2/H6], 8.00 [dd, 9.0 & 2.4 Hz, 1H, B–
H4], 8.03 [XX0 portion of AA0XX0, 2H, A–H2/H6], 8.31 [d, 2.4 Hz, 1H,
B–H6], 9.14 [s, 1H, CHN], 12.71 [br s, 1H, OH], 13.30 [br s, 1H, OH]
ppm. 13C NMR (DMSO-d6); dC: 20.8 [CH3], 117.9 [B–C3], 119.4 [B–C1],
119.9 [C–C6], 121.5 [A–C3/C5], 122.4 [C–C2], 127.4 [B–C4], 127.5 [B–
C6], 129.1 [C–C5], 129.2 [A–C1], 130.7 [A–C2/C6], 131.6 [C–C4], 138.8
[C–C3], 144.8 [B–C5], 151.6 [A–C4], 151.9 [C–C1], 163.3 [B–C2], 163.8
[CHN], 167.4 [CO2H] ppm.

2.3.2.4. Preparation of 4-[((E)-1-{2-hydroxy-5-[(E)-2-(4-methyl-
phenyl)-1-diazenyl]phenyl}methylidene)amino]benzoic acid (3d).
Dark red precipitate in 78% yield. M.p.: 275–277 �C. Anal. Found. C,
70.09; H, 4.60; N, 11.63. Calc. for C21H17N3O3: C, 70.18; H, 4.77; N,
11.69%. IR (cm�1): 1699 n(C]O); 1622 n(C]N). 1H NMR (DMSO-d6);
dH: 2.39 [s, 3H, CH3], 7.16 [d, 9.0 Hz, 1H, B–H3], 7.38 [AA0 portion of
AA0XX0, 2H, C–H3/H5], 7.53 [AA0 portion of AA0XX0, 2H, A–H3/H5],
7.76 [XX0 portion of AA0XX0, 2H, C–H2/H6], 8.00 [dd, 9.0 & 2.4 Hz,
1H, B–H4], 8.03 [XX0 portion of AA0XX0, 2H, A–H2/H6], 8.30 [d,
2.4 Hz, 1H, B–H6], 9.15 [s, 1H, CHN], 12.55 [br s, 1H, OH], 13.29 [br s,
1H, OH] ppm. 13C NMR (DMSO-d6); dC: 20.9 [CH3], 117.9 [B–C3],
119.4 [B–C1], 121.5 [A–C3/C5], 122.2 [C–C2], 127.3 [B–C6], 127.6 [B–
C4], 129.0 [A–C1], 129.9 [C–C3], 130.7 [A–C2/C6], 141.1 [C–C4], 144.8
[B–C5], 149.9 [C–C1], 151.7 [A–C4], 163.1 [B–C2], 163.9 [CHN], 166.8
[CO2H] ppm.

(Note: The compounds (3a–d) could not be recrystallized owing
to limited solubility. The purity of the product was judged on the
basis of the analytical and NMR spectroscopic data which provided
satisfactory results.)

3. Results and discussion

The 2-hydroxy-5-[(E)-(aryldiazenyl)]benzaldehydes (2a–d)
were prepared by following diazo-coupling reaction between the
appropriate aryldiazonium chloride with salicylaldehyde in
alkaline medium under cold conditions [27]. On the other hand, 4-
[((E)-1-{2-hydroxy-5-[(E)-2-(aryl)-1-diazenyl]phenyl}methyliden-
e)amino]benzoic acids (3a–d) were prepared by condensation of
equimolar amounts of p-aminobenzoic acid with appropriate
benzaldehydes (2a–d) in anhydrous ethanol at reflux temperature.
The compound frameworks are shown in Fig. 1 while their
synthetic details and spectroscopic data are presented in Section
2.3.

3.1. NMR spectroscopy

Characterization of compounds (2a–d in CDCl3 and 3a–d in
DMSO-d6) was performed by 1H, 13C NMR. A combination of 1D 1H,
13C (proton decoupled and DEPT) and 2D 1H–13C correlated spec-
troscopy (COSY), heteronuclear single-quantum correlation (HSQC)
and heteronuclear multiple-bond connectivity (HMBC) experi-
ments performed by gradient coherence allowed complete
assignment of all 1H and 13C resonances. These data are summa-
rized in Section 2.3 which supported the formulation of the
compounds.

3.2. UV–VIS spectroscopy

The identification of several species present in the solution of
compounds 2a–d and 3a–d was done by UV–VIS absorption spec-
troscopy under different experimental conditions. Summary of the
results are given in Table 1.

The absorption spectra of compounds 3a–d show a single
absorption peak at w338 nm in both carbon tetrachloride and
acetonitrile solutions; whereas, compounds 2a–d show one
absorption peak in the similar region along with a shoulder at 435–
445 nm region. However, in methanol solution all the compounds
(2a–d and 3a–d) show a single absorption in 335–350 nm regions.
In contrast, in DMSO solution all the compounds show the principle
absorption peak at w345 nm along with a red shifted shoulder in
the 450–470 nm regions. In methanol, the main absorption peak of
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2a–d was found to be shifted about 5–15 nm when compared with
other solvent systems (Table 1). This could be due to the stronger
hydrogen bonding ability of methanol with the studied molecules.
The facile formation of intermolecular hydrogen bonded complex
with solvent stabilizes the charge-transfer excited state and
consequently, the absorption spectrum is seen to shift towards the
long wavelength region [28]. The principal absorption band at
340 nm region for all the compounds having large molar absorp-
tivities (3 z 0.5–1.5�105 dm3 mol�1 cm�1) is due to the pp* tran-
sition of the primary azo structure (see Section 3.3). The spectra are
shown in Fig. 3 for compound 2c, but such spectral patterns apply
equally well to others and it is apparent that varying the substit-
uents in the compounds has an insignificant influence on the
overall spectral pattern.

Multiple absorption peaks (or shoulders) in the spectra of the
hydroxyazo-compounds may be observed due to azo 4 hydrazone
tautomerism [29,30]. This equilibrium is known to be favourable in
alcoholic solvents. Dissociation of hydroxyl proton in various
solvents results in the formation of anion (as shown in Fig. 6c)
which may also show an additional absorption peak (or shoulder)
depending upon the extent of dissociation [31]. The longer wave-
length absorption band for compounds 2a–d can be assumed to be
originated from the proton dissociated anionic structure (see
Section 3.3). This is further confirmed by measuring the absorption
properties in basic solutions. On addition of alkali, the intensity of
335 nm band for 2b in acetonitrile decreases with a concomitant
increase in 435 nm peak intensity. The presence of a clear isosbestic
point at w361 nm further confirms the acid–base equilibrium
(Fig. 4). Similar results were also observed for other systems (2a, c,
d) and (3a–d).

The absorption spectra of 2a–d in methanol are notably
different from that in other solvents in two ways (Fig. 3): (a) the
main absorption band is substantially broad (w9000 cm�1 for
compound 2c in methanol compared to w6000 cm�1 in acetoni-
trile and w6600 cm�1 in DMSO); and (b) the absence of any anionic
band at 435–445 nm region. The width of a spectral band can be
associated with the presence of multiple species with similar
energy parameters. It is well known that the formation of hydra-
zone tautomer is generally favoured in alcoholic solvents for
p-hydroxy(phenyl)azo compounds. The large spectral width of the
compounds in methanol can be assumed to be associated with the
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Fig. 3. UV–VIS spectra of 2c in different solvents. The spectra are scaled vertically for
clarity.
development of appreciable azo 4 hydrazone tautomerism equi-
libria compared with other solvents. It is to be mentioned here that
no additional/new peak is observed for the hydrazone conformer in
methanol (Table 1). This may be due to the very weak transition
intensity of the hydrazone conformer so that the absorption of this
species is buried under relatively intense spectral band corre-
sponding to the azo structure. Instead, the broadening of the main
absorption band was assigned to the presence of multiple species
(e.g., hydrazone tautomer along with the azo form) in alcoholic
solvents. Furthermore, the fraction of the anionic conformer in this
solvent is rather low as evidenced by the absence of longer wave-
length absorption band.

However, in the mixed solvent (e.g., 2c in methanol/acetonitrile
mixture), the decrease in alcohol content induces reduction in the
band width of the primary form favouring the proton dissociation
equilibrium between the normal and anion structure to be estab-
lished and, consequently, the longer wavelength anionic absorption
disappears with methanol content of 30% (v/v) or above in the
mixture (Fig. 5). The increased spectral width in alcoholic solvent is
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Fig. 5. Variation of UV–VIS spectra of 2c in acetonitrile/methanol solvent mixture. The
proportion of methanol content in the mixture increases along the arrow direction.



Fig. 6. The structure of compound 2c (a) azo form (b) hydrazone form (c) anionic form obtained after full geometry optimization at DFT level (refer to the Supplementary materials
for the structures of other compounds (2a, b and d)).
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due to the coexistence of both hydrazone and azo tautomers (see
Section 2.3).

3.3. Quantum chemical calculations

The geometries of the compounds (2a–d and 3a–d) were fully
optimized using the B3LYP [32] density functional theory (DFT)
method with the 6-31G(d) basis set. Harmonic frequency calcula-
tions were performed at all the stationary points to characterize its
nature and to ensure that the optimized structure corresponds to
a global minimum. The calculated infrared frequency values are
then scaled by a factor of 0.9623 [33] to compare with experimental
infrared data since the experimental frequency values involve
a harmonic term whereas the calculated frequency values are
derived from harmonic frequencies. Two representative structures
e.g., 2c (azo form, hydrazone form and anionic form) and 3b are
only shown in Figs. 6(a–c) and 7, respectively, since there is not
much differences between this structure and other structures in
each of the series of compounds (2a–d and 3a–d). The optimized
geometric parameters for the azo conformers of compounds (2a–
d and 3a–d) are listed in Tables 2 and 3.

The basic structural framework that contains two phenyl rings
and the N]N linkage is found to be planar in the optimized
structures of compounds (2a–d). This allows the p-electron
conjugation to extend throughout the two phenyl rings. The bond
lengths and angles are found to be rather insensitive to the position
of methyl substitution. The O(22)/H(25) distance in the optimized
structures of compounds (2a–d) amounts to 174 pm. This distance
is much shorter than the sum of van der Waals radii of oxygen
(152 pm) and hydrogen (120 pm) atoms. It indicates the presence of
hydrogen bonding interactions between the O–H bond and the
oxygen atom of the C(H)O group. It is difficult to determine
precisely the O–H stretching frequency for the hydrogen bonded
O–H, because of the well-known broadening effect. However, our
calculated vibrational frequency for each of the structures shows
a large red shift of this stretching frequency. For example, the O–H
stretching frequency in compound 2c appears at 3191 cm�1; which
is 466 cm�1 lower than the experimental value (3657 cm�1) of the
O–H stretching frequency in phenol [34]. Similar red shift in O–H
stretching frequency has also been observed for other compounds
(2a, b and d). This hydrogen bonding will certainly affect the acidity
of the O–H bond and the basicity of oxygen atom, which in turn
might affect the reactivity. The C]O stretching vibrational
frequency (1670 cm�1) is found to be almost unchanged in
compounds 2a–d. Similar observation was also made from the
experimental infrared spectra of these compounds. The calculated
C]O stretching frequency (1670 cm�1) is in very good agreement
with the experimental value of 1667 cm�1.

The optimized geometrical parameters for compounds 3a–c show
that bond lengths, bond angles and torsion angles remain virtually
unchanged. Hence it may be inferred that neither substitution of H-
atom of the terminal phenyl ring by methyl group, nor the site of
substitution has any effect on the structure of these compounds. The
noticeable structural change that occurs from the structure of
compounds 2a–d to the corresponding compounds 3a–d is the loss
of planarity. In the structures of compounds 3a–d, the precursor part
of the molecule remains planar, but the phenyl ring containing the
carboxylic (–COOH) group does not belong to the same plain. This has
been reflected from the C(22)–N(23)–C(27)–C(28) torsion angle and
the –COOH containing phenyl ring is tilted by almost 36� from the



Fig. 7. The structure of compound 3b obtained after full geometry optimization at DFT level (refer to the Supplementary materials for the structures of other compounds (3a, c and d)).

Table 3
Selected bond lengths, bond angles and torsion angles for optimized structures
(B3LYP/6-31G(d)) of azo conformer of compounds (3a–d).a

Bond lengths (pm)/angles (�) 3a 3b 3c 3d

C(33)–O(38) 121.53 121.53 121.53 121.54
C(33)–O(39) 135.93 135.93 135.94 135.94
O(39)–H(40) 97.50 97.50 97.49 97.49
C(16)–O(25) 133.56 133.59 133.59 133.62
O(25)–H(26) 99.99 99.99 99.98 99.96
N(11)–N(12) 126.26 126.32 126.26 126.33
C(22)–N(23) 129.35 129.35 129.35 129.36
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plain containing the precursor part of the moiety. The optimized
structures of these compounds (3a–d) indicate the formation of
a strong O(25)–H(26)/N(23) hydrogen bond. The N(23)/H(26)
distance is calculated to be around 174 pm, which is much shorter
than the sum of the van der Waals radii of nitrogen (155 pm) and
hydrogen (120 pm). Moreover, the red shift of O–H stretching
frequency provides further indication of this hydrogen bonding.

To verify the spectral assignments made in the previous section,
the transition energies for several conformers were estimated by
time dependent density functional theory (TDDFT) using
Table 2
Selected bond lengths, bond angles and torsion angles for optimized structures
(B3LYP/6-31G(d)) of azo conformer of compounds (2a–d).a

Bond lengths (pm)/angles (�) 2a 2b 2c 2d

C(15)–O(24) 133.61 133.64 133.64 133.65
O(24)–H(25) 99.33 99.32 99.31 99.32
N(10)–N(11) 126.22 126.28 126.22 126.30
C(21)–O(22) 123.38 123.38 123.38 123.40
O(22)–H(25) 174.17 174.27 174.37 174.13
C(2)–C(27) – 151.01 151.13 150.96

O(22)–C(21)–H(23) 119.58 119.58 119.57 119.56
C(14)–C(15)–O(24) 121.91 121.93 121.92 121.92
C(15)–O(24)–H(25) 107.23 107.25 107.24 107.19
O(24)–C(15)–C(16) 118.71 118.73 118.71 118.74
C(13)–C(12)–N(11) 116.18 116.07 116.14 116.25
C(17)–C(12)–N(11) 124.94 125.13 125.0 124.92
N(11)–N(10)–C(6) 114.90 115.14 114.85 115.01
N(10)–C(6)–C(5) 124.81 123.52 124.79 125.06
N(10)–C(6)–C(1) 115.34 115.91 115.22 115.64
C(5)–C(6)–C(1) 119.84 120.57 119.99 119.30
C(3)–C(2)–C(27)b – 120.57 121.08 121.31
C(1)–C(2)–C(27)c – 121.49 120.89 120.47

C(15)–C(14)–C(21)–O(22) 0.0 0.0 0.0 0.0
C(14)–C(15)–O(24)–H(25) 0.0 0.0 0.0 0.0
N(10)–N(11)–C(12)–C(17) 0.0 0.01 0.02 0.0
C(6)–N(10)–N(11)–C(12) 180 180 180 180

a Refer to Fig. 6 for atomic numbering scheme.
b The corresponding bond angles are C(6)–C(1)–C(27) and C(4)–C(3)–C(27) for 2b

and d, respectively.
c The corresponding bond angles are C(6)–C(1)–C(27) and C(2)–C(3)–C(27) for 2b

and d, respectively.

N(23)–H(26) 174.33 174.31 174.36 174.45
C(1)–C(41) – 151.00 151.14 150.97
O(38)–H(40) 226.53 226.52 226.51 226.50

C(33)–O(39)–H(40) 105.55 105.54 105.54 105.53
O(38)–C(33)–O(39) 121.93 121.93 121.93 121.92
O(38)–C(33)–C(30) 124.99 124.99 125.0 125.02
C(33)–C(30)–C(31) 118.12 118.12 118.13 118.15
C(28)–C(27)–N(23) 123.05 123.07 123.01 122.99
N(23)–C(22)–H(24) 121.20 121.21 121.18 121.17
C(15)–C(16)–O(25) 122.16 122.18 122.16 122.17
C(16)–O(25)–H(26) 107.47 107.48 107.47 107.48
O(25)–C(16)–C(17) 118.37 118.38 118.38 118.37
C(14)–C(13)–N(12) 116.02 115.94 116.02 116.06
C(18)–C(13)–N(12) 125.04 125.18 125.05 125.03
N(12)–N(11)–C(6) 114.84 115.13 114.83 114.92
N(11)–C(6)–C(5) 124.84 123.56 124.86 125.04
N(11)–C(6)–C(1) 115.36 115.90 115.21 115.70
C(5)–C(6)–C(1) 119.80 120.54 119.93 119.25
C(2)–C(1)–C(41)b – 120.61 121.11 120.50
C(6)–C(1)–C(41)c – 121.41 120.87 121.33
O(38)–C(33)–O(39)–H(40) 0.0 0.0 0.0 0.10
C(16)C–(15)–C(22)–N(23) �0.26 �0.27 �0.35 �0.40
C(15)–C(16)–O(25)–H(26) 0.41 0.48 0.35 0.32
N(11)–N(12)–C(13)–C(18) 1.17 1.51 �0.11 �0.47
C(6)–N(11)–N(12)–C(13) 179.96 179.68 180.0 180.0
C(14)–C(15)–C(22)–N(23) 179.48 179.45 179.56 179.59
C(15)–C(22)–N(23)–C(27) 177.48 177.45 177.20 177.08
C(22)–N(23)–C(27)–C(28) �35.79 �35.51 �35.93 �36.18
N(23)–C(27)–C(28)–C(29) 179.36 179.47 179.31 179.24
C(29)–C(30)–C(33)–O(39) 0.37 0.35 0.39 0.43

a Refer to Fig. 6 for atomic numbering scheme.
b The corresponding bond angles are C(3)–C(2)–C(41) and C(4)–C(3)–C(41) for 3c

and d, respectively.
c The corresponding bond angles are C(1)–C(2)–C(41) and C(2)–C(3)–C(41) for 3c

and d, respectively.
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6-311G(d,p) basis set. The calculated results indicate p / p* tran-
sition for all the structures and agree reasonably well with the
experimentally measured spectral data mentioned in Table 1. For
example, the calculated gas phase transitions for azo, hydrazone
and anionic forms of compound 2b appear at 362, 408 and 418 nm,
respectively. This is in good agreement with the experimental data
obtained from UV–VIS results viz., 340, 410 and 420–440 nm,
respectively, in acetonitrile solution. Close agreement of the
calculated and experimentally obtained absorption maxima as well
as infrared frequencies further substantiates the validity of the
structures obtained from DFT calculations.

In conclusion, the synthesis, analytical characterization, solution
phase spectroscopic properties for a series of 2-hydroxy-5-[(E)-
(aryldiazenyl)]benzaldehydes (2a–d) as well as 4-[((E)-1-{2-hydroxy-
5-[(E)-2-(aryl)-1-diazenyl]phenyl}methylidene)amino]benzoic acids
(3a–d) are reported. UV–VIS results point towards both azo–hydra-
zone as well as acid–base equilibrium for the synthesized compounds
and solvent plays an important role in determining the predominant
species. The structural properties of the compounds were also
described by density functional theory (DFT) using B3LYP/6-31g(d)
methodology. The theoretical results are in reasonably good agree-
ment with the experimental values. Quantum chemical calculations
demonstrated clearly that, the molecules of compounds 2a–d are
planar and the loss of planarity was observed in the corresponding
compounds 3a–d. In the latter, the precursor part of the molecule
remains planar, but the phenyl ring containing the carboxylic
(–COOH) group does not belong to the same plain. Compounds 3a–
d are presently under preliminary investigation as new metal com-
plexing agents and their performance will be reported in due course.
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Organometallic Chemistry 2004;689:4702–11.
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