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A B S T R A C T

In order to meet the need for NMR reference compounds in the study of tautomeric azo dyes, two series of azo
dyes, derived from 3-methyl-1-phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amine and 5-methyl-2-phenyl-4-(2-
phenylhydrazono)-2,4-dihydro-3H-pyrazol-3-one, have been studied by using molecular spectroscopy (UV–Vis
and NMR) and quantum-chemical calculations (M06-2X/TZVP) in solution. The results clearly indicate that 3-
methyl-1-phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amines are present in pure azo tautomeric form, while 5-
methyl-2-phenyl-4-(2-phenylhydrazono)-2,4-dihydro-3H-pyrazol-3-ones exist as hydrazone tautomers. The
tautomeric state is not substantially influenced by nitro group substitution in the phenyl ring. Consequently, the
studied compounds can be used as model tautomers in the NMR evaluation of the tautomeric state in various azo
dyes in solution. According to the crystallographic data (obtained by us or available in the literature) the
conclusions about the tautomerism of the studied compounds in solution are valid in solid state as well.

1. Introduction

According to the classification of dyes, 60–70% of them are azo
compounds, which except conventional use, show applicability in sci-
ence and technology as optical materials, in molecular data processing,
as ion sensors and in biological applications [1]. At the same time, a
substantial part of the azo dyes are tautomeric or potentially tautomeric
[2–5]. Taking into account that the color and the stability of dyes are
strongly influenced by their tautomerism, it is not surprising that this
phenomenon has been intensively studied theoretically and experi-
mentally during the past years [6].

It is well known that the position of the tautomeric equilibrium in
solution depends on structural factors as well as on external stimuli like
temperature, solvents, light, pH, etc. [1,7,8]. Although a variety of
techniques has been used to study tautomeric systems [9], UV–Vis
spectroscopy and NMR remain the major experimental tools for their
investigation in solution [10]. However, both techniques experience
difficulties in distinguishing the spectral responses of the pure tauto-
meric forms when they co-exist in solution.

Taking into account that the proton transfer is slower than the
electron excitation, the UV–Vis spectroscopy records tautomers as in-
dividual species with different, but unknown, spectral characteristics.

Under certain conditions, the problem with unknown pure spectra of
the tautomers can be overcome by using advanced chemometrics
[11,12]. The proton exchange between nitrogen and oxygen atoms in
azodyes is fast at the NMR time scale. As a result an averaged signal is
typically measured [10,13] and reference compounds are needed to
evaluate the proportion of the tautomers. The quantitative results very
strongly depend on the selected references representing the pure azo
and hydrazo tautomers. Consequently, there is a need such reference
compounds to be identified and used in the NMR investigations of
tautomeric azodyes.

Therefore, the aim of the current study is to reveal the tautomeric
state of compounds 1–6 (Scheme 1) in solution and in the solid state by
using NMR, UV–Vis spectroscopy, crystallography and theoretical in-
vestigations. As seen from Scheme 1, these compounds can potentially
exist as enol-like azo (a) or keto-like hydrazone (b) forms, and if the
tautomeric equilibrium is shifted to one of the pure tautomers, they can
be used as reference compounds for NMR investigations of tautomeric
azo dyes. The effect of insertion of a nitro group is considered in the
light of possible stabilization of the keto-like tautomer [7] through a
pure electron acceptor effect (3 and 6) and through mixed electron
acceptor action and possible hydrogen bonding (2 and 5). In our best
knowledge no such detailed investigations of the tautomerism of 1–6
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was performed before, especially by using combined experimental and
theoretical approach, which definitely confirms the tautomeric state of
each of the studied compounds.

2. Experimental part

2.1. Synthesis

Compounds 1–6 were prepared using appropriate diazononium salts
coupling reactions with 5-amino-3-methyl-1-phenylpyrazole and 3-
methyl-1-phenylpyrazol-5-one, respectively, in acetic acid. Separated
raw products obtained in high yields were crystallized from ethanol.
Purity and homogeneity of the samples were checked using 1H NMR.
Elemental analysis data (Calc./Found, in %): 1 (C 69.29/69.5, H 5.45/
5.4, N 25.25/25.2), 2 (C 59.62/59.8, H 4.38/4.4, N 26.07/25.9), 3 (C
59.62/59.8, H 4.38/4.3, N 26.07/26.2), 4 (C 69.05/69.1, H 5.07/5.0, N
20.13/20.2), 5 (C 59.44/59.6, H 4.05/4.2, N 21.66/21.4), 6 (C 59.44/
59.5, H 4.05/4.1, N 21.66/21.7).

2.2. NMR

The 1H, 13C and 15N NMR spectra were recorded on a Bruker Avance
III HD 400 spectrometer operating at 400.13MHz for 1H, 100.62MHz
for 13C and at 40.56MHz for 15N and using liquid nitrogen-cooled 5-
mm Prodigy cryo probe (Bruker) at 300K. The samples 1–6 were dis-
solved in deuteriochlorofom. The 1H and 13C chemical shifts were re-
ferenced to internal TMS (δ=0.00). The 15N chemical shifts were re-
ferred to the signal of external nitromethane placed in a co-axial
capillary (δ=0.0). All 2D experiments (gradient-selected (gs)-COSY,
gs-HMQC, gs-HSQC, and gs-HMBC) and 1D 1H-e15N gs-HSQC were
performed using manufacturer's software (TOPSPIN 3.5) [14–16].

2.3. UV–Vis measurements

Spectral measurements were performed on a Jasco V-570 UV-Vis-
NIR spectrophotometer, equipped with a thermostatic cell holder (using
Huber MPC-K6 thermostat with precision 1 °C) in spectral grade sol-
vents at 20 °C.

2.4. X-ray measurements

Suitable crystals were selected and mounted on a loop in oil on a
STOE IPDS2T (compounds 1 and 3) or STOE IPDS2 (compounds 4 and
5) diffractometer. Crystals were kept at T=200(2) K during data col-
lection, except for 4 (T=250(2) K). Using Olex2 [17], the structures
were solved with the ShelXT structure solution program [18], using the

Intrinsic Phasing solution method. The models were refined with ver-
sion 2017/1 of ShelXL [19] using Least Squares minimization. All
structures have been labelled with the same order (Scheme S1), all
crystallographic data are available on Table S7, selected distances and
hydrogen bond tables are available in the SI (Tables S8–S12).

The single crystal data has been deposited at the Cambridge
Crystallographic Data Centre and allocated the deposition number
CCDC-1844620 (1), 1844622 (3), 1844623 (4) 1844621 (5).

2.5. Quantum chemical calculations

Quantum-chemical calculations were performed by using the
Gaussian 09 program suite [20]. If not explicitly described, the M06-2X
functional [21,22] was used with TZVP basis set [23]. This fitted hybrid
meta-GGA functional with 54% HF exchange is specially developed to
describe main-group thermochemistry and the non-covalent interac-
tions, showing very good results in prediction of the position of the
tautomeric equilibrium in azo naphthols possessing intramolecular
hydrogen bonds [24,25] and in description of the proton transfer re-
actions in naphthols [26]. All structures were optimized without re-
strictions, using tight optimization criteria and ultrafine grid in the
computation of two-electron integrals and their derivatives, and the
true minima were verified by performing frequency calculations in the
corresponding environment. Solvent effects are described by using the
Polarizable Continuum Model (the integral equation formalism variant,
IEFPCM, as implemented in Gaussian 09) [27]. The absorption spectra
of the compounds were predicted using the TD-DFT formalism. TD-DFT
calculations were carried out at the same functional and basis set,
which is in accordance with conclusions about the effect of the basis set
size and the reliability of the spectral predictions [28–32].

The NMR chemical shieldings of selected tautomeric forms of the
studied compounds were calculated using the GIAO approximation [33]
at the B3LYP/6-311 + G(2d,p) level of theory. This level of theory was
recommended in the pioneering work by Cheeseman et al. [34] focused
on the comparison of different models for calculating nuclear magnetic
resonance shielding tensors and shows very good results in predicting
the NMR spectra of azo-hydrazone tautomerism [35]. For comparison
purposes the values obtained by using M06-2X/TZVP are presented as
well. The calculated absolute shieldings were transformed to chemical
shifts using the reference compound tetramethylsilane, Si(CH3)4, for
carbon and hydrogen atoms, and nitromethane, CH3NO2, for nitrogen
atoms: δ= δcalc(ref) – δcalc. Both δcalc(ref) and δcalc were evaluated at
the same computational level.

3. Results and discussion

3.1. In solution

As seen from Scheme 1 the investigated compounds differ by the
tautomeric proton donor group – NH in 1–3 and OH in 4–6. The UV–Vis
spectra of the backbone structures 1 and 4 are compared in Fig. 1. The
spectral data for the remaining compounds are compared in Fig. S1 (2
and 5) and S2 (3 and 6), Supplementary information, following the
same NO2 substitution pattern. The spectra of 1 in different solvents
(Fig. 1a) show a well-defined maximum around 375 nm, while a band
at 390 nm is observed in the case of 4 (Fig. 1b). Taking into account that
the used solvents differ substantially by proton acceptor/donor action
and polarity, the lack of spectral changes (as position of the band and as
shape) can only mean that there is no tautomeric equilibrium in all
studied compounds. This assumption is clearly confirmed by the theo-
retical results collected in Table 1. As seen the relative stability of the
tautomers suggest existence of the a-form in 1–3 and of the b-tautomer
in 4–6. The energy gap slightly depends on the solvent and, which is
more important, is large enough to exclude appearance of the counter
tautomer in solution even if large variations in the solvent dielectric
constant are available.

Scheme 1. Investigated compounds 1–6 (top) and sketch of their tautomeric
forms (bottom, azo, enol-like a and hydrazo, keto-like b, X=O or NH).
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Although the use of M06-2X functional leads to systematically blue
shifted positions of the absorption bands [32], a comparison between
the values in Table 1 and observed spectral maxima in Fig. 1 allows
supporting the assumption for single tautomers in 1 and 4. As seen from
Table 1 the maxima of the corresponding tautomers of 1 are slightly red
shifted compared to 4. This means that if 1 and 4 are presented as the
same tautomeric form (either a or b), the same absorption maxima have
to be observed in Fig. 1, which is not the case.

The relative stability of the tautomers, shown in Table 1, indicates
that the structural modifications in 2–3 and 5–6 are not sufficient to

cause dramatic change of their tautomerism. The pure electron acceptor
effect of the nitro group in 2 shifts the position of the tautomeric state
towards the keto-like tautomer by ∼1 kcal/mol, but the energy gap
remains large enough to prevent appearance of the b-form in solution.
The substitution effect in 3 is moderate, comparing to 2, probably be-
cause the electron acceptor action is reduced by the fact that both
tautomers can participate in hydrogen boding with the nitro group
oxygen atom (see Fig. 2, where the theoretically optimized structures
are shown). The same tendencies towards stabilization of the hydrazone
b-form are observed in 4 and 5.

The experimentally measured NMR data are collected in Tables 2
and 3, with the corresponding numbering given in Scheme 2. According
to the NMR data, compounds 4–6 exist in b forms (Table 3). Compound
4 was proposed by Bekarek et al. [36] as a suitable model of a hy-
drazone compound. Electron accepting substituents in original anilines,
used for the coupling reaction, typically stabilize the hydrazone forms
in these compounds and, thus, compounds 5 and 6 exist in the hy-
drazone form as well as theoretical calculations above suggest.

From comparison of NMR data (especially 15N chemical shifts and 1J
(15N, 1H) coupling constants, Tables 2 and 3) for compounds 4–6 and
those for compounds 1–3, it is clear that the tautomeric form in these
compounds must be completely different. 1J(15N, 1H) coupling con-
stants are the most illustrative: in the b-forms existing compounds 4–6
these constants are in the range of 95–100 Hz (-NαH- form) while no 1J
(15N, 1H) coupling constants (-Nα=form) were observed for com-
pounds 1–3 existing thus in azo a-forms. Logically, the greatest changes
are observable for Nα that is directly involved in azo-hydrazo equili-
brium.

The experimentally measured and theoretically predicted 1H and
13C chemical shifts for all studied compounds are compared in Tables 4
and 5 and S1-S4. Root mean square (RMS, in each of Tables 4 and 5, S1-
S4) and linearity (Tables S5 and S6) were used to estimate the relia-
bility of the theoretical results.

The RMS values should show where the difference between mea-
sured data (the NH proton are excluded in 1–3) and predicted data of
the corresponding (a or b) tautomer are smaller and whether this can
indicate which is the existing tautomer in solution. This definitely does
not work in most of the cases of 1H chemical shifts. Following this
criterion for 1H NMR, the tautomeric state is correctly predicted for 4, 2
(by B3LYP only) and 6. For 13C NMR correct prediction is available for
all compounds except 3, when B3LYP is used.

Following the linearity (Tables S5 and S6), the results for 1H che-
mical shifts are mixed (Table S5). For instance there is better correla-
tion for the a-form in 1–3, which is correct from the view point of
experimental reality, but also better correlation for the same tautomer
in 4–6 which is wrong. In the case of 13C better correlation is obtained
for the a-form of 1–3 and for the b-form of 4–6 (Table S6), which
corresponds to the reality and to the RMS values. Consequently the
predictive ability of the used level of theory is sufficient to reproduce
the tautomeric state based on 13C chemical shifts having in mind the
systematic shift of the signals (intercepts in Table S6). It is difficult to
make a statistically meaningful conclusion about the predictability of
the 15N signals because the number of the experimental data is limited.
It should be mentioned, however, that the B3LYP predictions in this
case are nearer to the experiment as seen from Tables 4 and 5.

3.2. In the solid state

According the crystallographic data of 1–6 the conclusions about
their tautomerism in solution are valid in solid state as well.
Compounds 1–3 are presented in their a-form, while 4–6 exists as keto-
like b-tautomers. As will be shown below, the theoretically predicted
geometries, given in Fig. 2, correspond very well to the crystal struc-
tures.

Compound 1 crystallizes in the monoclinic space group P21/c with
one molecule per asymmetric unit (Fig. 3). The phenyl ring C11A →

Fig. 1. Absorption spectra of in acetonitrile (—), benzene (…), chloroform (___)
and DMSO (___) of 1 (a) and 4 (b).

Table 1
Predicted values (M062X/TZVP) for the relative stability and spectral char-
acteristics of a and b forms of 1–6 in acetonitrile and chloroform.

compound Solvent Ea-Eb** a-form b-form

λmax [nm] f λmax [nm] f

1 acetonitrile 6.01 338 0.88 363 0.54
chloroform 5.55 340 0.91 365 0.55

2 acetonitrile 4.91 368 0.63 387 0.37
chloroform 4.95 370 0.66 387 0.38

3 acetonitrile 5.40 375 1.08 380 0.63
chloroform 5.06 374 1.10 380 0.62

4 acetonitrile −7.59 335 0.95 354 0.58
chloroform −7.39 337 0.97 356 0.53

5 acetonitrile −8.73 356 0.77 372 0.30
chloroform −8.19 359 0.82 375 0.20

6 acetonitrile −8.16 360 1.16 365 0.42
chloroform −7.82 362 1.18 368 0.30

* f – oscillator strength; ** relative stability (in kcal/mol), positive value means
more stable a-form and vice versa.
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C16A is split over two positions, one of which is dominant with a site of
occupation factor (SOF) of 0.67(4), which will be used in the following
discussion. The mean planes through the phenyl rings form an angle of
29.5° (for C11A→C16A, and 22.0° for C11→C16), while these two rings
form again an angle of 52.3 and 28.6° (for C11A→C16A, and 47.0° for
C11→C16), respectively with the five-ring. The azo-bond N3‒N4 is
1.287(7) Å long, while the hydrogen bonds between N4 and H5B is

2.51 Å with an H-bond angle of nearly 135°. The second H-atom H5A of
N5 forms a longer H-bond towards N2 of a neighbor molecule with>
2.5Å, governing the intermolecular interactions.

Compound 2, crystallizing in the monoclinic space group C2/c,
features also a single molecule per asymmetric unit, whose azo bond
N3‒N4 is 1.29(10) Å long (Fig. S3). The H-bond is characterized by a

Fig. 2. The optimized structures (M06-2X/TZVP in acetonitrile) of the most stable a-tautomer of 1–3 (first column, from top to bottom) and b-tautomer of 4–6
(second column, from top to bottom).

Table 2
1H, 13C and 15Na chemical shifts (ppm) and 1J(15N, 1H)b coupling constants in
compounds 1–3 in CDCl3.

H/C
No

1 3 2

δ(1H) δ(13C) δ(1H) δ(13C) δ(1H) δ(13C)

1 – −197.0 a – −196.9 a – −197.4 a

2 – −102.9 a – −98.4 a – −98.6 a

3 – 150.1 – 150.9 – 150.6
4 – 123.1 – 124.6 – 125.5
5 – 137.7 – 136.9 – 138.6
6 – 137.4 – 136.1 – 137.0
7 7.54 123.4 7.52 123.4 7.52 123.5
8 7.49 129.7 7.52 129.9 7.52 129.9
9 7.37 127.8 7.41 128.2 7.40 128.1
10 2.55 11.4 2.54 11.4 2.54 11.4
NH2 6.23 −327.3 a 6.54 −323.2 a 6.66 −322.5a
1J(15N, 1H) 84.9 b 90.3 b 90.6 b

Nα – 54.7a – 34.8 a – 25.3a

Nβ – 98.1a – 104.1 a – 98.5 a

11 – 153.3 – 157.1 – 145.8
12 7.72 121.1 7.79 121.3 – 145.6
13 7.43 128.9 8.27 124.7 7.89 124.6
14 7.31 128.3 – 146.4 7.36 127.4
NO2 – – – −12.8 a – −9.5 a

a δ(15N).
b 1J(15N, 1H) (Hz ± 0.3 Hz).

Table 3
1H, 13C and 15N chemical shifts (ppm) and 1J(15N, 1H) coupling constants in
compounds 4–6 in CDCl3.

H/C
No

4 6 5

δ(1H) δ(13C)c δ(1H) δ(13C) c δ(1H) δ(13C)

1 – −192.4 a – −191.9 a – −194.2 a

2 – −76.1 a – −67.4 a – −67.0 a

3 – 148.3 – 148.6 – 148.5
4 – 128.3 – 131.5 – 133.0
5 – 157.6 – 157.2 – 156.4
6 – 137.9 – 137.5 – 137.7
7 7.97 118.3 7.91 118.4 8.01 118.5
8 7.43 128.8 7.43 129.0 7.43 128.9
9 7.22 124.9 7.22 125.5 7.22 125.4
10 2.34 11.7 2.37 11.8 2.40 12.0
Nα 13.54 −205.6 a 13.55 −212.9 a 14.82 −219.1a
1J(15Nα, 1H) – 95.4b – 96.7b – 100.5b

Nβ – −18.9a – −22.4a – −28.7a

11 – 140.9 – 146.1 – 138.2
13 7.40 129.5 7.47 125.7 – 135.2
13 7.40 129.5 8.29 125.7 8.30 126.1
14 7.22 125.6 – 144.4 7.26 123.9
15 7.40 129.5 8.29 125.7 7.73 135.8
16 7.40 129.5 7.47 125.7 8.19 116.8
NO2 – – – n.o. – −12.2a

a δ(15N).
b 1J(15N, 1H) (Hz ± 0.3 Hz).
c Data are taken from Ref. [37].
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distance of N4‒H5A of 2.129 Å and an N4‒H5A‒N5 angle of 120.4°.
H5B forms a further H-bond to the nitro group of a neighbor molecule.
Due to the presence of this nitro group, the aromatic systems form
angles that are different than for 1 with 13.5° between the 5-ring and
the nitrophenyl moiety, and 32.1° between the 5-ring and the phenyl
entity. Furthermore, π-interactions can be found between the 5-ring of
one molecule, and the nitrophenol-ring of a next neighbor molecule.
The two 6-rings within the same molecule form an angle of ca. 19.3°.

For compound 3, which crystallizes in the trigonal space group R-3,
the presence of the nitro group in para position with respect to the azo
group seems to “planarize” the nitrophenyl ring with the 5-ring system,
forming an angle of less than 4° with each other (Fig. S4), while the
phenyl group forms an angle of nearly 42° with the 5-membered ring.
The N3‒N4 distance of the azo group is 1.287(3)Å, with N4 forming an
H-bond of 2.27 Å with H5B at 120.4°. The second amine hydrogen atom
H5A forms an intermolecular H-bond with N2 of a neighbor molecule at
2.34Å. C11 of the nitrophenyl entity of one molecule features short
contacts of ca. 3.3 Å with N3 and lies thus “on top” of the azo group of
antiparallel arranged next neighbor molecule.

Compound 4 crystallizes in the monoclinic space group C2/c, has
one molecule per asymmetric unit and is the first compound in this
series with all aromatic rings quasi coplanar, with maximum deviations
of 4° between the rings (Fig. 4). The structure is now governed by an
intramolecular H-bond between H4 and O1 with 1.87 Å, forming an

angle of 140.6° between N4, H4 and O1. The bond N3‒N4 is hence with
1.319(2) Å longer than in the previous three structures, and also the
distance C3‒O1 is with 1.239(2) Å slightly longer compared to average
carbonyl C=O bonds described in the CSD (mean 1.229 Å, std. dev:
0.024 Å, median 1.227 Å, mean dev.: 0.016 Å, statistics obtain with
88350 structures containing the motif N-(C-)C=O, resulting to 171294
distances [38]). This C=O distance is in agreement of the distance al-
ready observed in the keto tautomer of 1-phenylazo-4-naphthol
(1.242(4) Å, CCDC-810700) [39]. The packing of the molecules is
surprisingly not dominated by offset π-interactions, but rather by C‒H
… π interactions of ca. 3.19 Å between H7 and H9 of one molecule and
C9 and C8 of a neighbor molecule, leading to a chevron-type arrange-
ment of the molecules. Within a ribbon of parallel offset molecules,
there are weak interactions (ca. 3.3Å) between C6–H6 of one molecule
and H16–C16 on the other.

The presence of the nitro group in compound 5, which crystallizes
in the monoclinic space group P21/c, leads to the formation of a bi-
furcated intramolecular H-bond between H4 and O1 (2.05Å) and O2 of
the nitro group (1.99 Å) (Fig. S5). This leads to less coplanarity between
the aromatic rings. The phenyl and the 5-ring form an angle of 9.8°,
while the 5-ring and the nitrophenyl entity are inclined to each other by
8.9°. The mean planes through the two 6-rings form an angle of ca. 3.7°.
This twist “out of mean plane” of the 5-ring with respect to the re-
maining molecule may be due to the presence of the tBu-group. Ap-
parently as a result of this, the molecules pack in an antiparallel
fashion, yielding in π-interactions between C14 and C15 of one mole-
cule, and C4 and C6 of another molecule (and symmetry equivalents),
with distances of 3.4-3.5Å. Short interactions are also found between
C2 of one and O2 of another molecule (3.215Å), and O1 of one and C11
of a neighbor molecule (3.305Å). Further intermolecular interactions
concern O1 and O2 of one molecule and H6 and H7, respectively, of an
offset molecule, featuring distances in the order of 2.6–2.7 Å.

Like in compound 3, the compound 6, crystallizing in the space
group P21/n, has the nitrophenyl moiety coplanar to the 5-ring, while
the phenyl ring forms an angle of 12.7° with respect to the central one
(Fig. S6). The intramolecular H-bond of 2.06(2) Å between O1 and H4
is characteristic of the structure. The molecules pack in an antiparallel,
offset fashion and form pairwise short contacts between N4 of one and

Scheme 2. Numbering of carbon and nitrogen atoms of interest.

Table 4
Predicted and experimental NMR parameters in ppm of selected atoms of 1 in chloroform.

H/C experimental predicted (M062X/TZVP) predicted (B3LYP/6-311 + G(2d,p))

1a 1b 1a 1b

Noa δ(1H) δ(13C) δ(1H) δ(13C) δ(1H) δ(13C) δ(1H) δ(13C) δ(1H) δ(13C)

3 – 150.1 – 173.8 171.8 – 163.0 – 159.5
4 – 123.1 – 141.6 – 148.6 – 134.6 – 140.9
5 – 137.7 – 153.7 – 170.7 – 146.7 – 161.4
6 – 137.4 – 160.3 – 160.3 – 149.9 – 149.7
7 7.54 123.4 8.58 146.9 8.39 144.6 8.18 134.8 7.99 132.7
8 7.49 129.7 8.48 153.2 8.42 153.0 7.98 140.6 7.94 140.4
9 7.37 127.8 8.27 149.7 8.15 147.5 7.77 136.8 7.65 134.9
10 2.55 11.4 2.77 13.6 2.46 13.3 2.41 18.8 2.44 18.4
Nα – 54.7

c
– 93.1

c
14.25 −261.3

c
– 51.6

c
14.15 −210.4

c

Nβ – 98.1
c

– 167.0
c

– −33.1
c

– 99.7
c

– −36.1
c

11 – 153.0 – 175.7 – 163.9 – 165.4 – 154.2
12 7.72 121.1 8.80 131.2 8.71 131.4 8.46 122.0 8.35 121.9
13 7.43 128.9 8.32 151.0 8.31 152.4 7.83 139.0 7.86 140.3
14 7.31 128.3 8.23 151.3 7.92 145.3 7.72 138.2 7.51 133.8
NH2 6.23 −327.3

c
7.90/4.76 −400.9

c
14.25 −255.8

c
7.77/4.78 −338.8

c
14.22 −217.6

c

RMS
b

– – 0.90 20.23 0.78 20.81 0.50 10.32 0.40 11.51

a See Scheme 2 for the atom numbering.
b Root mean square between experimental and predicted values for 1H and 13C.
c δ(15N).
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N1 of a neighbor molecule (3.355 Å), as well as O1 and C1 with 3.34 Å.
There is also a short interaction between H4 of one and N2 of an an-
tiparallel neighbor molecule (3.28 Å). The molecules further pack also
into chains with interactions between the H-atoms H7 and H8 of the
phenyl ring, and O3 and O2, respectively, of the next neighbor nitro
group (2.6–2.75 Å).

The most important bond lengths and angles of all six structures are
compared in Table 6. As seen the bond distances in the fragment N4-X
(Scheme S1) very nicely confirm the tautomeric state according to
published results for other tautomeric azo compounds [39].

In conclusion, the compounds 1–3 correspond to the a-form (enol-
type), and do not present coplanarity of the aromatic rings. On the
other hand, compounds 4–6 are in the keto-form, in which the aromatic
rings are mostly coplanar.

4. Conclusions

Two classes of organic azo dyes were prepared by diazonium salts
coupling reactions with two formally very similar passive component
differing only in substitution in position 5 of pyrazole ring: NH2 or OH
(in equilibrium with appropriate tautomeric form). The corresponding
reaction products 1–3 and 4–6 were investigated in relation to their
tautomerism in solution and in solid state. According to the theoretical
calculations and NMR studies compounds 1–3 are presented in their azo
enol-like tautomeric form, while compounds 4–6 exist as hydrazone
tautomers. The nitro substitution in the phenyl ring does not influence

Table 5
Predicted and experimental NMR parameters in ppm of selected atoms of 4 in chloroform.

H/C experimental predicted (M062X/TZVP) predicted (B3LYP/6-311 + G(2d,p))

4a 4b 4a 4b

Noa δ(1H) δ(13C) δ(1H) δ(13C) δ(1H) δ(13C) δ(1H) δ(13C) δ(1H) δ(13C)

3 – 148.3 – 171.9 – 173.0 – 161.4 – 160.9
4 – 128.3 – 140.9 – 145.8 – 133.6 – 137.8
5 – 157.6 – 161.9 – 176.0 – 156.6 – 167.6
6 – 137.9 – 159.3 – 160.2 – 149.4 – 149.8
7 7.97 118.3 8.73 142.8 8.67 137.4 8.39 131.4 8.32 127.0
8 7.43 128.8 8.49 151.8 8.32 151.2 7.92 139.4 7.84 138.8
9 7.22 124.9 8.32 148.9 8.04 145.9 7.73 136.2 7.57 133.7
10 2.34 11.7 2.61 13.8 2.54 14.0 2.79 19.0 2.51 19.0
O/Nα 13.54 −205.6

c
12.35 50.8

c
13.38 −267.6

c
11.85 19.1

c
13.45 −216.1

c

Nβ – −18.9
c

– 181.5
c

– −22.4
c

– 110.3
c

– −27.5
c

11 – 140.9 – 173.7 – 162.6 – 163.4 – 153.2
12 7.40 129.5 8.77 132.0 8.73 132.3 8.18 122.8 8.38 122.7
13 7.40 129.5 8.40 151.4 8.36 152.7 8.51 139.4 7.90 140.5
14 7.22 125.6 8.21 153.1 8.05 147.4 7.88 139.9 7.63 135.7
15 7.40 129.5 8.36 151.9 8.30 152.0 7.81 139.4 7.82 139.8
16 7.40 129.5 8.79 151.6 7.87 136.5 7.94 139.4 7.51 126.7
RMS

b
– – 1.11 21.10 0.72 19.14 0.80 11.53 0.45 9.78

a See Scheme 2 for the atom numbering.
b Root mean square between experimental and predicted values for 1H and 13C.
c δ(15N).

Fig. 3. Molecular view of 1, 50% of probability, only one position of the ring
C11A→C16A is represented (SOF 0.67), intramolecular hydrogen bond is
drawn as dashed blue line. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Molecular view of 4, 50% of probability, intramolecular hydrogen bond
is drawn as dashed blue line. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Table 6
Direct comparison of important bond lengths (Å) and angles (°) of compounds
1–6 (X is N for 1–3 or O for 4–6).

Bond 1 2 3 4 5 6

N4-N3 1.287(8) 1.29(1) 1.287(2) 1.319(2) 1.331(3) 1.320(4)
N3‒C2 1.390(8) 1.36(1) 1.368(3) 1.324(2) 1.306(3) 1.305(3)
C2-C3 1.394(9) 1.41(1) 1.414(4) 1.454(3) 1.470(4) 1.457(3)
C3‒X 1.345(9) 1.33(1) 1.336(3) 1.239(2) 1.232(3) 1.227(3)
N4…X 2.869(8) / 2.806(3) 2.712(2) 2.773(3) 2.783(3)
α(N4‒H…X) 118.4° / 120.4° 141(1)o 143(1)o 137(2)o
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substantially actually tautomeric state. The crystallographic data sup-
port the conclusions from solution and show that the stabilization of the
tautomers is not a result of intermolecular interactions. As a result the
first set of compounds can be used as NMR references for azo tautomer,
while the others represent pure hydrazo form.
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