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Faculty of Pharmacy, Pharmaceutical Chemistry Section, Yuzuncu Yil University, 65090 Van, Turkey
E-mail: nurettinmenges@yyu.edu.tr
MS received 4 August 2016; revised 27 March 2017; accepted 24 April 2017

Abstract. Aromaticity of pyrazolopyridazin(on)es was investigated using NICS(0), NICS(1), NICSzz(1),
FIPC-NICS and HOMA aromaticity indexes and it was observed that aromaticity of pyridazin(on)es was
amenable to aromaticity of pyrazole and vice versa. Some tautomeric forms of pyridazinone were analyzed
and the localized orbital locator maps, electron density maps, Fuzzy, Laplacian, and Mayer bond order methods
showed dominant form. Different substituents, amine, chlorine, phenyl, methyl, hydrogen, substituted-phenyl,
etc. on both the rings were chosen to search out the substituent effect. Aromaticity of pyrazolopyridazin(on)es
was searched out in detail for the ﬁrst time.
Keywords.
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1. Introduction
Pyrazolopyridazin(on)e is a bicyclic nitrogen-containing
structure and one of the important core of heterocyclic
compounds (Figure 1). Their derivatives are applied as
ligand for hedge hog signal cascade, 1 used for treatment
of neuropathic pain 2 and as antinociceptive agents. 3 In
addition to important biological activities, pyrazolopyridazin(on)es have interesting electronic properties, 4
but there is no investigation focused on revealing
computation-based aromatic and electronic parameters
of this skeleton in detail yet.
Aromaticity is an important concept in physical
organic chemistry. 5a−c, 7,8,13–15 It has been very useful in
the rationalization of the structure, stability and reactivity of many molecules. Aromaticity is not an observable
quantity and it is deﬁned by convention. It has a broad
area of usage in almost all disciplines of chemistry.
The aromaticity is a signiﬁcant concept to be used in
the rationalization of chemical reactivity and, by extension, in the understanding of biological properties. In
hetero-aromatic chemistry, the degree of aromaticity has
a particular importance in guiding our understanding of
molecules. 6,9
Magnetic indices of aromaticity are based on the
π electron ring current induced when the system is
exposed to external magnetic ﬁelds. There is a wellknown probe used to measure aromaticity, namely,
harmonic oscillator model of aromaticity (HOMA). 5d−f
* For correspondence

More recently, a new and widely used aromaticity index,
the nucleus-independent chemical shift (NICS), has
been proposed by Schleyer et al. 11 It has been reported
that the negative value of the absolute shielding was
observed at a ring center or at some other interesting points of the system. Rings with large negative
NICS values indicate strong aromatic character. On the
other hand, aromaticity will increase when the value of
HOMA gets closer to 1 and a value of HOMA smaller
than 0.5 means that the molecule is either antiaromatic or
nonaromatic.The more negative the NICS values are, the
more aromatic are the rings. These measurement techniques are important for any desired ring in polycyclic
aromatic molecules. There are many NICS variants such
as NICSzz and NICS(0), NICS(1) to be calculated for
aromaticity of the rings. Lastly, free of in-plane component NICS (FIPC-NICS) was explored by Tiznado et
al. 10 FIPC-NICS can be found by calculating of NICS
at a point above the molecular plane where the inplane component decays to zero, giving indication that
the local contributions to the induced magnetic ﬁelds
at this point can be omitted. This research uncovered
that there are some discrepancies from different NICS
components. 10 FIPC-NICS approximation was therefore picked out.
The aim of this study is to search out the substituentdependent aromaticity and tautomerization of pyrazolopyridazin(on)es by means of NICS(0), NICS(1),
NICSzz(1), FIPC-NICS and HOMA. As a continuation of our interest on heterocyclic systems, especially
the formation of pyrazoles and pyrazolopyridazines, we
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have calculated some parameters of NICS to answer the
question: how the magnetic shieldings can be altered via
different types of substituents and which component of
NICS is more accurate.

2. Experimental
2.1 Method and materials
Geometric optimizations were performed by using Gaussian 09 12a through Gaussview 5.0.9. and by the method of
B3LYP/6-311 G(d,p). 12b−d Absolute values of NMR shielding were calculated by using the Gauge-independent Atomic
Orbital method with the restricted closed shell formalism
employing 6-311G(d,p) basis set over B3LYP/6-311G(d,p)
optimized geometries. 12b, 16 NICS values were obtained by
calculating absolute NMR shielding at different points of the
rings NICS(0), NICS(1) and NICS(1.5). Calculation of bond
orders, electron density and localized orbital locator (LOL)
maps and plotting of maps were done by using Multiwfn suit
software. 17,18 The normal mode analyses for each structure
have yielded no imaginary frequencies for the 3N-6 vibrational degrees of freedom, where N is the number of atoms in
the system, which indicates that the structure of each molecule
corresponds to at least one local minimum on the potential
energy surface.
Solvents were dried by reﬂuxing with the appropriate dessicants (sodium with ketyl for diethylether, CaCl2 or Na2 SO4
for benzene, toluene, etc.) and distilled. Melting points were
determined on an electrothermal Gallenkamp apparatus and
are uncorrected. The IR spectra were obtained using a BioRad 130 FT-IR spectrometer with ATR mode. The 1 H- and
13 C-NMR spectra were recorded on Bruker (300 and 75 MHz,
respectively) spectrometers using TMS as an internal standard. All experiments were followed by TLC using a DC
Alufolien Kieselgel 60 F 254 Merck and Camag TLC lamp
(254/366 nm).

2.2 General procedure for synthesis
Compound 2 (2b, 2c or 2i) were synthesized by the reported
procedure. 21 Compound 2 (2b, 2c or 2i) (1 mmol) was dissolved in excess SOCl2 (10 mmol) and the solution was heated
at 70◦ C for 5 h. Then, excess of SOCl2 was evaporated and
the residue was washed with dried diethyl ether three times

(3 x 15 mL). The formed precipitate was ﬁltered. 1 mmol of
crude product (acyl chloride) was reacted with appropriate
nucleophile (1 mmol) (for 2d: methyl urea; for 2f: amonia
(27%); for 2g: MeOH; for 2h: MeOH) at reﬂux temperature
in xylene (5 mL) for 5 h. Then, solvent was evaporated and
the crude product was crystallized from ethanol.

2.2a N-(methylcarbamoyl)-4-(7-oxo-3,4-diphenyl-6,
7-dihydro-2H-pyrazolo[3,4-d]pyridazin-2-yl)benzamide (2d): Total yield of two steps: 0.20 g, 51%; M.p.: 255–

256◦ C; FT-IR (ATR) νmax /cm−1 : 3444, 3326, 3274, 3108,
3066, 2946, 1686, 1652, 1604, 1556, 1527, 1487, 1449, 1410,
1383, 1348, 1305, 1278; 1 H-NMR (300 MHz; DMSO-d6 ): δ
13.16 (bs, 1H, NH), 10.85 (bs, 1H, NH), 8.54 (qt, J = 4.0
Hz, NH, 1H) 8.14–8.11 (m, AA’part of AA’BB’ system, 2H),
7.95–7.92 (m, BB’part of AA’BB’ system, 2H), 7.27–7.11 (m,
ArH, 10H), 2.80 (d, J = 4.0 Hz, 3H, Me); 13 C-NMR (75 MHz,
DMSO-d6 ): δ 167.7, 154.2, 153.3, 148.8, 143.7, 141.9, 135.0,
133.6, 132.7, 131.3, 129.8, 129.2, 129.1, 129.0, 128.9, 128.2,
128.1, 125.9, 118.9, 26.7; Anal. Calcd. for: C26 H20 N6 O3 :
C, 67.23; H, 4.34; N, 18.09%; Found: C, 67.21; H, 4.33; N,
18.10%.

2.2b 4-(6-methyl-7-oxo-3,4-diphenyl-6,7-dihydro-2
H-pyrazolo[3,4-d]pyridazin-2-yl)benzamide (2f): Total

yield of two steps: 0.19, 57 %; M.p.: 217◦ C; FT-IR (ATR)
νmax /cm−1 : 3473, 3398, 3178, 3065, 1659, 1606, 1580, 1560,
1531, 1510, 1490, 1468, 1447; 1 H-NMR (300 MHz; DMSOd6 ): δ 8.09 (bs, 1H, NH), 7.89–7.86 (m, AA’part of AA’BB’
system, 2H), 7.45–7.42 (m, BB’part of AA’BB’ system, 2H),
7.34 (bs, 1 H, NH), 7.27–6.96 (m, ArH, 10H), 3.79 (s, OMe,
3H); 13 C-NMR (75 MHz, DMSO-d6 ): δ 167.2, 155.5, 143.5,
142.5, 141.3, 141.0, 135.1, 134.2, 131.0, 129.6, 128.9, 128.8,
128.7, 128.4, 127.9, 126.6, 117.0, 40.7 Anal. Calcd. for:
C25 H19 N5 O2 : C, 71.25; H, 4.54; N, 16.62%; Found: C, 71.27;
H, 4.55; N, 16.71%.

2.2c Methyl 4-(6-methyl-7-oxo-3,4-diphenyl-6,7-dihydro-2H-pyrazolo[3,4-d]pyridazin-2-yl)benzoate (2g):

Total yield of two steps: 0.18 g, 60%; M.p.: 188◦ C; FT-IR
(ATR) νmax /cm−1 : 3058, 2951, 1723, 1675, 1605, 1580,
1542, 1520, 1495, 1436; 1 H-NMR (300 MHz; DMSO-d6 ):
δ 8.25–8.22 (m, AA’part of AA’BB’ system, 2H), 7.95–7.92
(m, BB’part of AA’BB’ system, 2H), 7.32–7.01 (m, ArH,
10H), 3.92 (s, OMe, 3H); 13 C-NMR (75 MHz, DMSO-d6 ): δ
167.1, 155.1, 142.5, 141.5, 140.1, 140.0, 135.0, 133.2, 130.1,
129.6, 127.7, 127.5, 127.3, 127.1, 126.6, 125.3, 117.05, 52.3,
39.3; Anal. Calcd. for: C26 H20 N4 O3 : C, 71.55; H, 4.62; N,
12.84%; Found: C, 71.56; H, 4.60; N, 12.84%.

2.2d Methyl 4-(7-oxo-3,4,6-triphenyl-6,7-dihydro-2Hpyrazolo[3,4-d]pyridazin-2-yl)benzoate (2h): Total

yield of two steps: 0.22 g, 63%; M.p.: 222◦ C; FT-IR (ATR)
νmax /cm−1 : 3065, 2991, 2947, 1719, 1687, 1607, 1543, 1521,
1492, 1452; 1 H-NMR (300 MHz; DMSO-d6 ): δ 8.15–8.13 (m,
AA’part of AA’BB’ system, 2H), 8.01–7.99 (m, BB’part of
AA’BB’ system, 2H), 7.68 (d, J = 9.1 Hz, 2H), 7.53 (t, J = 7.1
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Hz, 2H), 7.45 (t, J = 6.8 Hz, 2H), 7.34–7.14 (m, ArH, 9H),
3.92 (s, OMe, 3H); 13 C-NMR (75 MHz, DMSO-d6 ): δ 166.1,
152.1, 148.8, 143.6, 142.4, 141.8, 134.5, 134.0, 131.1, 129.8,
129.4, 129.3, 129.1, 128.4, 128.3, 128.2, 126.9, 126.6, 118.5,
52.9; Anal. Calcd. for: C31 H22 N4 O3 : C, 74.69; H, 4.45; N,
11.24%; Found: C, 74.71; H, 4.39; N, 11.23%.

2.2e 4-(7-oxo-3,4,6-triphenyl-6,7-dihydro-2H-pyrazolo[3,4-d]pyridazin-2-yl)benzoyl chloride (2k): Yield:

0.15 g, 67%; M.p.: 231◦ C; FT-IR (ATR) νmax /cm−1 : 3062,
1773, 1734, 1680, 1599, 1538, 1511, 1491, 1444, 1410, 1382,
1355; 1 H-NMR (300 MHz; DMSO-d6 ): δ 8.10–8.07 (m,
AA’part of AA’BB’ system, 2H), 7.94–7.91 (m, BB’part of
AA’BB’ system, 2H), 7.64 (d, J = 7.6 Hz, 2H), 7.49 (t, J = 7.2
Hz, 2H), 7.40 (t, J = 7.2 Hz, 1H), 7.30–7.10 (m, ArH, 10H);
13 C-NMR (75 MHz, DMSO-d ): δ 167.1, 152.1, 148.7, 142.1,
6
141.7, 134.5, 134.0, 131.1, 130.0, 129.8, 129.3, 129.1, 129.0,
128.4, 128.3, 128.2, 126.9, 126.4, 118.4; Anal. Calcd. for:
C30 H19 ClN4 O2 : C, 71.64; H, 3.81; N, 11.14%; Found: C,
71.65; H, 3.83; N, 11.16%.

3. Results and Discussion
3.1 Aromaticity of pyrazolopyridazinones
In the inital study, we have selected many different
substitutent on pyrazolopyridazinone to calculate their
aromaticity (Figure 2).
Katritzky and co-workers recommended the use of
more than one aromaticity parameter for comparisons
restricted to some regions or groups among relatively
similar compounds. 22 In addition, a local index of aromaticity is perhaps more suitable than a global index
for the whole molecule when the aromaticity of large
polycyclic aromatic hydrocarbon is being studied. NICS
components and HOMA values have advantages and
provide a local criterion for each ring in a polycyclic system. So, NICS(0), NICS(1), NICSzz(1) and FIPC-NICS
have been selected in order to compare aromaticity of

743

pyrazolopyridazinones (Table 1). NICS is a magnetic
index and deals with the magnetic shielding of the ring.
However, HOMA is a structural index and deals with
the planarity of aromatic ring. 5g
HOMA index measures bond lengths and makes a
prediction about aromaticity. If HOMA value equals to
1, it can be said that all bonds in the calculated system
are nearly same. Decrease of HOMA value from 1 to
0 means bond length alternation. With this respect, we
have discussed aromaticity of the bicyclic molecules.
HOMA values for pyrazolopyridazinones are within
a range of 0.3489–0.4508 for pyridazinones unit and
within 0.7288–0.8898 for pyrazole unit. The highest
HOMA value of pyridazinone is belonging to 2f, 0.4508.
One of the nitrogen atom of the ring shares its lone pair
electrons to the ring and makes the pyridazinone structurally more favorable. Comparing differents groups
attached to nitrogen atom, such as phenyl and hydrogen, gave valuable information about aromaticity of
the structure. When methyl group was changed with
phenyl (Table 1, 2i), HOMA value of 2i was found
to be 0.3898, and attaching of the phenyl ring with
nitrogen group decreased HOMA. In addition, when
methyl group was changed with hydrogen (Table 1,
2c), HOMA value decreased again but less decrease
than 2i. We have assumed that the lone pair of the
nitrogen adjacent to the carbonyl group affects delocalization and bond lengths. On the other hand, carboxylic
acid group attached to the para position of the phenyl
ring in pyridazinone ring of 2a (Table 1) reduced the
HOMA more than unsubstituted phenyl ring in 2i.
However, chlorine atoms attached to the phenyl ring
(Table 1, 2j) increased HOMA value from 0.3898 to
0.4066 when compared with 2i. More electron density
on nitrogen gives more delocalization character resulting in more favorable structure which is responsible
for the increase of HOMA value. Phenyl ring is electron withdrawing group and methyl group is electron
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Table 1.
HOMA.

Aromaticity of compounds with different components of NICSa and

Compound

NICS(0)

NICS(1)

NICSzz(1)

FIPC-NICS

HOMA

2a(pyridazine)
2a(pyrazole)
2b(pyridazine)
2b(pyrazole)
2c(pyridazine)
2c(pyrazole)
2d(pyridazine)
2d(pyrazole)
2e(pyridazine)
2e(pyrazole)
2f(pyridazine)
2f(pyrazole)
2g(pyridazine)
2g(pyrazole)
2h(pyridazine)
2h(pyrazole)
2i(pyridazine)
2i(pyrazole)
2j(pyridazine)
2j(pyrazole)
2k(pyridazine)
2k(pyrazole)
2l(pyridazine)
2l(pyrazole)
2m(pyridazine)
2m(pyrazole)
2n(pyridazine)
2n(pyrazole)
2o(pyridazine)
2o(pyrazole)
2p(pyridazine)
2p(pyrazole)
2r(pyridazine)
2r(pyrazole)
2s(pyridazine)
2s(pyrazole)

−0.6
−11.3
−1.7
−12.2
−1.2
−12.1
−1.1
−12.3
−4.6
−13.1
−1.6
−11.6
−1.8
−12.1
−0.7
−12.0
−0.8
−11.6
−1.4
−12.9
−0.7
−11.5
−4.5
−13.3
−4.2
−13.0
−0.9
−11.9
−1.9
−12.5
−0.1
−11.3
−3.7
−13.1
−5.4
−14.0

−2.6
−9.3
−3.7
−9.8
−3.1
−10.2
−3.2
−10.9
−7.2
−11.0
−3.5
−10.4
−3.1
−10.9
−2.8
−9.8
−2.8
−9.6
−3.1
−10.7
−2.7
−9.6
−7.9
−12.5
−5.9
−10.1
−0.9
−8.6
−3.7
−10.8
−0.5
−10.7
−7.4
−11.2
−8.6
−11.1

15.1
−4.9
12.8
−6.5
11.7
−7.1
13.4
−7.76
1.0
−10.4
10.0
−8.1
8.7
−7.6
15.9
−6.8
16.0
−5.4
11.9
−9.5
15.0
−5.3
2.4
−10.8
4.1
−8.0
18.7
−5.6
10.9
−7.6
22.90
−6.9
1.4
−11.2
−5.7
−12.9

−2.4
−6.2
−3.0
−6.6
−2.8
−6.8
−2.8
−7.4
−5.3
−7.5
−3.0
−6.6
−2.3
−6.6
−2.5
−6.6
−2.5
−6.4
−2.7
−6.9
−2.5
−6.4
−4.9
−8.0
−4.5
−6.9
−1.4
−5.6
−3.2
−7.1
−1.0
−5.6
−5.6
−7.7
−6.8
−7.5

0.3489
0.7288
0.4466
0.8508
0.4153
0.8424
0.4170
0.8440
0.7036
0.8418
0.4508
0.8551
0.4494
0.8543
0.3930
0.8660
0.3898
0.8624
0.4066
0.8898
0.3847
0.8577
0.7385
0.8812
0.6963
0.8704
0.0780
0.8724
0.4327
0.8596
−0.099
0.8780
0.7307
0.8348
0.7740
0.8610

a: values are in ppm.

donating group. These differences might have an effect
on HOMA value. The lowest HOMA value belongs to
2n in which two carbonyl groups are attached to the
NH groups. Absence of any double bond in the pyridazinone ring ends up in decrease of HOMA value.
When carboxylic acid group of para position of phenyl
ring which is attached to pyrazole was altered with
its derivatives such as amide 2f, ester 2g and 2h, and
urea 2d, it was seen that HOMA values have increased
slightly.
From Table 1, it can be clearly seen that there are signiﬁcant discrepancies among aromaticity assignments
from different approximations of NICS. For instance,
NICSzz(1) values describe that many pyridazine rings

as highly antiaromatic whereas NICS(0) and NICS(1)
classify them as slightly aromatic. To ﬁnd out the more
accurate NICS component, we have compared all the
values. Finally, FIPC-NICS values are found to be the
most accurate NICS component for pyrazolopyridazinones. So, we have discussed aromaticities of both rings
by means of FIPC-NICS. Then, we have calculated
local aromaticity of both rings of pyrazolopyridazinones
with different groups to test effect of substituents. Aromaticities of pyridazinone and pyrazole rings of 2a
were −2.4 and −6.2 ppm, whereas, aromaticities of
both rings of 2i were −2.5 (pyridazinone) and −6.4
(pyrazole) ppm, respectively. Carboxylic acid group
on phenyl ring has no effect on aromaticity of both

Aromaticity of pyrazolopyridazine
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Figure 3. Some new types of pyrazolopyridazinones. The values refer to FIPC-NICS; upper numbers
indicate the aromaticity of pyridazine and lower numbers indicate the aromaticity of pyrazole.

rings. It can be said that there is no change on magnetic shielding if benzene ring has electron withdrawing
group onpara position like carboxylic acid (see Figure 2, compounds 2a and 2i). When both methyl and
hydrogen were used as the substituent, rather than using
phenyl, aromaticities of both rings have remained almost
same (Table 1, compounds 2b, 2c). Phenyl groups on
the left side of both rings were changed with methyl
group and we observed that pyridazinone and pyrazole have gained more aromatic character (−2.8 →
−3.2 ppm, FIPC-NICS = −0.4 ppm for pyridazine;
−6.8 → −7.1 ppm FIPC-NICS = −0.3 ppm for
pyrazole) (Table 1, 2o). This small increase of aromaticity might be explained as follows: any sp2 -hybridized
functional group attached to pyridazinone or pyrazole
decreases the contribution of delocalization through the
rings. Either methyl group does not disturb delocalization of pyridazine and pyrazole or it gives contribution
to aromaticity of the rings.
We have altered carboxylic acid into different functional groups in order to understand the effect of
substituent attached to the phenyl ring. Carboxylic acid
derivatives such as methyl urea (2d), amide (2f), ester
(2g) and (2h), and acyl chloride (2k) were therefore
investigated (Figure 3).
While aromaticity of heterocyclic rings for 2c was
observed as −2.8 and −6.8 ppm, same indexes for 2d
were observed as −2.8 and −7.4 ppm (Table 1), respectively. Amide group (for 2d) is more delocalized with
carbonyl group than carboxylic acid and delocalization
of benzene ring with amide group is less than the delocalization of carboxylic acid. The aromatic character of
pyrazole ring rises due to this. Measuring the aromaticity of these pyridazinones shows that aromaticity of ﬁveand six-membered rings does not strictly depend on the
substituents of para position of benzene ring attached
to pyrazole.

Martinez et al. have described that aromaticity of
heterocyclic ring such as pyrrole, thiophene and furan
decreases dramatically when they are fused to benzene. 23 However, considering all values, we have observed that aromaticity of pyridazinone ring was amenable
to the aromaticity of pyrazole and vice versa. Broadly
speaking, the increment of aromaticity of pyridazinone
depends on increasing of aromaticity of pyrazole and
vice versa. Nonaromatic form of pyridazinone decreases
the aromaticity of pyrazole unit (Table 1, 2n).
HOMA values indicate that aromaticity of pyridazine
rings increase when attached to methyl group (Table
1, 2b) which is in good agreement with NICS values.
However, in the case of methyl, hydrogen and phenyl
ring, HOMA aromaticity of six-membered ring (Table 1,
2c, 2a) decreased. HOMA value of 2o, 0.4327 for pyridazine, is more than that of 2a, 2b or 2c in which there
is no phenyl group attached to the ring. It means that
electron-donating group affects HOMA and NICS aromaticity positively. When aromaticity of pyridazinone
ring decreased, HOMA value of that ring decreased, as
well (Table 1, 2n). FIPC-NICS and HOMA values for
2n are −1.4 and 0.078, respectively. Same issue was
observed for 2p in which FIPC-NICS and HOMA values were −1.0 and −0.099, respectively.

3.2 Aromaticity of pyrazolopyridazines
For substituted pyrazolopyridazine, functional groups
such as phenyl, amine, hydrogen and methyl groups
were selected 19,24 and the structures of these derivatives
are shown in Figure 4.
HOMA values (Table 1) of all pyrazolopyridazines
are higher than pyrazolopyridazinones, as expected.
Pyridazine skeletons have more delocalization character than that of pyridazinone. In addition, HOMA
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R3

paraDI (C6-C9)

paraDI (C1-N7)

paraDI (C5-N8)

FIPC-NICS Pyridazine

2l
2m
2s

Me
Ph
Ph

Ph
NH2
H

NH2
NH2
H

0.0624
0.0561
0.0854

0.0430
0.0421
0.0496

0.0472
0.0444
0.0503

−4.9
−4.5
−6.8

Values in bold indicate the most contribution of atoms and the most FIPC-NICS

aromaticity of these pyridazine rings have been compared. HOMA value of these rings are within the range
of 0.6963–0.7740. The highest HOMA value points to
the pyridazine ring of 2s in which there is no substituent
on the six-membered ring. Attachment of two phenyl
groups on pyridazine ring reduced HOMA value from
0.7740 (2s) to 0.7307 (2r). These two rings might affect
internal delocalization. While replacement of phenyl
group with NH2 (2l) increased HOMA value, replacement of phenyl with OH (2e) decreased HOMA value.
These might be due to differences between electron
donating ability of oxygen and nitrogen on the aromatic
ring.
Pyridazine units of 2l, 2m, 2r and 2s have stronger
aromaticity than the above-mentioned pyridazinones
since pyridazines have more delocalization character.
Pyridazinones do not produce delocalization effectively
due to the carbonyl group while 2l, 2m, 2r and 2s show
ful delocalization of π electrons, resulting in higher aromaticity and stability. Thus, pyrazole units of 2l, 2m, 2r
and 2s exhibit more aromatic character. It means that
the increased aromaticity of pyridazine ring affects aromaticity of the pyrazole ring progressively. Aromaticity
of pyridazine ring of 2l is higher than that of 2m. It might
be because of two identical amine groups attached to
the pyridazine ring of 2m, which can affect each other
adversely. The most aromatic character that we have
observed for pyridazine belongs to 2s (pyridazine: -6.8,

pyrazole: -7.5 ppm) (Table 1). To ﬁgure out the reason(s)
for these differences in terms of aromaticity between 2l,
2m and 2s, we have calculated delocalization contribution of para position of two centers which are C6 and
C9 (Table 2).
Para delocalization index collects information for
aromaticity of six-membered rings by calculating contribution of atoms, which are at para position of the
aromatic rings. 5f Therefore, we have calculated some of
para-delocalized atoms of relevant rings that have different substituents which can affect each other. These
atoms are C6-C9 and we have explored that there is
a common ground between FIPC-NICS and delocalization contribution of C6-C9 atoms in a positive way.
FIPC-NICS for pyridazine ring increases as a result of
an increase in delocalization contribution of C6-C9. For
instance, the most signiﬁcant contribution of para position belongs to 2s, while the most important aromaticity
characteristics of pyridazine belong to 2s, which might
be because of not having any group affecting delocalization negatively. Since two identical amine groups
are attached to pyridazine of 2m, the contribution and
aromaticity of both C6-C9 decrease. The cause of this
situation can be easily seen by comparing the contribution of 2m with the contribution of 2l which has only
one amine group. The contribution of delocalization
parameters such as C1-N7 and C5-N8 is not very signiﬁcant, since they do not have excessive contribution.
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Ph

N N
-2.8

Ph

O

3.3 Depicting dominant tautomer form of some
pyrazolopyridazinones

N N
-5.3

OH

-7.5
N
Ph
N

-6.8
N
Ph
N

COOH
2e

COOH
2c

Scheme 1. Tautomerization of 2c. The values refer to
FIPC-NICS.

Finally, we have brought into view that there might be
a relationship between aromaticity and delocalization
contribution of atoms on para position of aromatic ring
that have nitrogen atom.
HOMA values of 2l, 2m and 2r are in good agreement
with FIPC-NICS and PDI values. We have observed that
increasing of FIPC-NICS are resulting in increasing of
HOMA. However, there is a discrepancy between FIPCNICS and HOMA values of 2r when compared with 2l,
2m and 2s. This issue might be because of two identical phenyl rings attached to the pyridazine ring of 2r
in which these phenyl rings might disturb the planarity
of the pyridazine ring a little resulting in unexpected
decrease in the value of HOMA.

Table 3.

2e

Tautomerization is a vital phenomenon and should be
discussed in detail. 24a−d After reviewing the studies
related to pyrazolopyridazinone derivatives in the literature, we have concluded that some tautomer form
of 2c, 2m, and 2n might exist theoretically. When we
analyzed the data of NMR spectra of 2c or 2e (see Supplementary Information), we could not ﬁnd more lines
than expected. This means that there is just one tautomer form in the solution, but it is difﬁcult to judge
which one is more dominant. Same issues were mentioned by Kasimogulları and Arslan 25a and Bildirici et
al., 25b for the same derivatives. We have proposed that
there is tautomerization in these compounds. Therefore,
we have collected some data via computation to ﬁnd out
which tautomer form might be the dominant one in these
molecules. We have chosen 2c and 2m; ﬁrst, we have
checked 2c and its tautomer form 2e (Scheme 1).
Outcome of theoretical calculations showed that aromaticity of pyridazine ring of 2e is higher than that of
2c. We calculated distances and bond orders of the two
tautomers using three different methods (Table 3).
During tautomerization, it was observed that some
distances such as x,t,w have become shorter (Table
3). Bond shortening means the number of π electrons
is increasing and double bond features are occurring
more than before. Mayer bond order (MBO), 26 Fuzzy

Bond orders of 2c and 2e by different methods.

Comp. Method
2c

747

Laplacian
Fuzzy
Mayer
Laplacian
Fuzzy
Mayer

a

b

c

d

e

x

y

z

t

w

1.41
1.34
1.76
1.38
1.31
1.83

0.94
1.28
1.10
0.96
1.30
1.10

0.80
1.38
1.45
0.79
1.39
1.47

1.39
1.52
1.24
1.34
1.49
1.18

1.32
1.18
0.86
1.32
1.17
0.81

1.22
1.12
0.64
1.27
1.16
0.95

1.49
1.65
1.76
1.42
1.61
1.73

0.80
1.40
1.62
0.81
1.42
1.78

0.96
1.22
0.76
1.53
1.60
1.10

1.28
1.04
0.68
1.42
1.11
1.30

The values on ﬁgures refer to bond distances.
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Figure 5. Electron density and LOL maps of 2c and 2e. a) Electron density with shaded surface maps with
projection of 2c; b) localized orbital locator (LOL) of2c (for clarity benzene rings were omitted) c) electron
density with shaded surface map with projection for 2e; d) localized orbital locator (LOL) of 2e (for clarity
benzene rings were omitted).

Bond Order, 27 Laplacian bond order 28 were used to
see how bond orders are altered. We have observed
that Fuzzy bond order method has given more accurate results, since the rest of the methods have shown
some deviations for both heterocyclic rings. It might
be said that bond order of pyrazolopyridazine-type
molecules, which have more than one nitrogen atom,
might be observed more accurately by Fuzzy method.
Energy differences between 2c and 2e were calculated
(B3LYP/6-311 + G(d,p)) and it was seen that 2e was
more stable than 2c by about 13.68 kcal/mol. This information shows which form is more dominant. The central
property on which the localization descriptor LOL is

built is the kinetic-energy density. The kinetic energy
plays a major role in the description of chemical bond,
since the driving force of covalent bonding is a lowering of the quantum kinetic-energy density by orbital
sharing. 29 To observe covalent bond character and localization of electron density of bonds, we calculated and
visualized electron density and localized orbital locator
(LOL) 29 of 2c and 2e. The results gained by the calculation and visualization are shown in Figure 5. In addition,
for both tautomer forms, HOMO-LUMO orbitals were
plotted to see which orbital gives more contribution to
these frontier orbitals (Figure S1 in Supporting Information).
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Scheme 2. Tautomerization of 2m. The values refer to
FIPC-NICS.

Electron density on nitrogen atoms (red and blue colored region) of 2c is lower than that of 2e (Figure 5,
a and c) in the electron density map and this might be
because of poor electron delocalization, which results
in decreasing aromaticity character. Furthermore, it can
be seen that the localized orbital map of 2e between two
nitrogen atoms of pyridazine has more covalent region
(red and reddish-colored region between blue circles)
than that of 2c (Figure 5, b and d). These maps show
that if any delocalization occurs, it affects the electron
density of the ring, resulting in increased aromaticity and
electron density. All of these data and visualized maps
mentioned above have indicated that tautomeric form of
2e might be more dominant. Furthermore, HOMA value
of 2e for six-membered ring is more than that of 2c. This
means that 2e might be more favorable.
Another tautomeric form which we wanted to calculate is 2m and its tautomer form, 2p (Scheme 2).
Tautomerization between 2m and 2p was calculated

Table 4.

Comp.
2m
2p
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and it was observed that aromaticity of pyridazine unit
decreased with formation of 2p and pyridazine ring of
2p can be mentioned as non-aromatic heterocyclic ring
(FIPC-NICS = -1 ppm). Elongation and/or shortening
of bond distances and altering of bond orders were calculated by using three different methods. The results of
these calculations are given in Table 4.
The calculated bond distances have indicated that
when pyridazine ring is fully delocalized (2m), x, y,
z, t and w distances are shortened, which means that
pyridazine ring gains more double bond character. Bond
orders of both forms were compared and we have seen
that bond orders of x,y,z,t and w of 2m have increased.
Once again, we have seen that the best method that can
be used for this type of heterocyclic system might be
the Fuzzy method to calculate bond orders. We have
also created and visualized some electron density maps
for 2m and 2p to observe how electron density is altered
when tautomerization occurs (Figure 6).
It can be easily seen that 2m has more electron density on nitrogen atoms in the pyridazine ring (Figure
6, a and c). This point indicates that electron delocalization of pyridazine ring of 2m is effectively higher
because of full conjugation. Moreover, when we analyzed the LOL maps of 2m and 2p, we have explored
that electron density of covalent bonds of 2m (red and
reddish colored regions, Figure 6, b and d), which was
increased. Finally, it might be said that if any tautomerization occurs between 2m and 2p, then 2m will be
more dominant due to all parameters mentioned above.

Bond orders of 2m and 2p calculated by three different methods.

Method

a

Laplacian
Fuzzy
Mayer
Laplacian
Fuzzy
Mayer

1.39
1.32
1.64
1.45
1.36
1.69

b

c

d

e

x

y

z

0.97 0.7811. 1.32 1.36 1.30 1.47 0.78
1.30
38
1.49 1.18 1.14 1.60 1.41
1.25 1.67 1.20 0.93 0.44 1.13 1.90
0.96 0.79 1.39 1.36 1.21 0.99 0.52
1.29 1.38 1.53 1.20 1.06 1.23 1.22
1.23 1.67 1.32 1.43 0.33 0.82 1.04

The values on ﬁgures refer to bond distances.

t

w

1.48
1.59
1.24
1.01
1.23
1.21

1.35
1.10
0.59
1.24
1.03
0.36
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Figure 6. Electron density and LOL maps of 2m and 2p. a) Electron density with shaded surface map
with projection of 2m; b) localized orbital locator (LOL) of 2m (for clarity benzene rings are omitted). c)
electron density with shaded surface map with projection for 2p; d) localized orbital locator (LOL) of 2p
(for clarity benzene rings were omitted).

In addition, for both the tautomer forms, HOMO-LUMO
orbitals were plotted to see which orbital gives more
contribution to these frontier orbitals (Figure S2 in Supporting Information). In addition, HOMA value of 2p
indicates that this ring might be nonaromatic or antiaromatic which is not favorable, as can be seen in the LOL
map of 2p (Figure 6, c and d).
4. Conclusions
We have selected some pyrazolopyridazin(on)es with
different substituents which are reported in the literature.

These molecules were subjected to some theoretical
calculations and we have collected data about aromaticity of these molecules. NICS(0), NICS(1), NICSzz(1),
FIPC-NICS and HOMA were used to compare the
data obtained to enlighten the aromaticity character of
pyrazolopyridazin(on)es. It was found that the most
accurate aromatic character for pyrazolopyridazin(on)es
can be calculated by using FIPC-NICS. Furthermore,
we have calculated bond orders for four different tautomeric forms and we have shown that Fuzzy method
might be the best method to calculate bond orders of
pyrazolopyridazin(on)e-type molecules. Possibility of

Aromaticity of pyrazolopyridazine

tautomeric forms was studied. According to the bond
orders, bond distances, aromaticity parameters and visualized electron density maps such as LOL, it is revealed
that which of tautomeric form might be more dominant.
In addition, in this study, we have collected a lot of information about aromaticity of pyrazolopyridazin(on)es.
For future studies, this study might be a useful reference for these types of molecules.
Supplementary Information (SI)
Supplementary Information (HOMOs and LUMOs for 2c,
2e, 2m and 2p, Coordinates for compounds and NMP spectra for synthesized compounds) is available at www.ias.ac.in/
chemsci.
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