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Abstract

Simple, one-pot, and low-cost reactions of acegtlawe with a variety of substituted benzoyl
hydrazides in lemon juice, as eco-friendly mediwmere performed. In reactions of benzoyl
hydrazides with electron-donating groups on pheimg, the 1-benzoylHi-pyrazole derivatives
were obtained in short reaction time, and in gamdigh yields. On the other hand, benzoyl
hydrazides with electron-withdrawing groups readkdver, yielding the mixture of 1-benzoyl-
5-hydroxy-4,5-dihydro-H-pyrazole and benzoylH:pyrazolederivatives. It is worth pointing
out that two products, (2-chlorophenyl)(4,5-dihy&rtydroxy-3,5-dimethylpyrazol-1-
yl)methanone and (4-iodophenyl)(3,5-dimethiA-fpyrazol-1-yl)methanone are reported here for
the first time. All obtained compounds were chadzed using IR, UV-Vis and NMR,
experimentally and theoretically, as well as witkeltng points. Good agreement between
experimental and simulated IR, UV-Vi¥4 and**C NMR spectra was achieved. In addition,
crystal structures and Hirshfeld surfaces analysi$ (4,5-dihydro-5-hydroxy-3,5-
dimethylpyrazol-1-yl)(4-iodophenyl)methanone wegparted.

Keywords: Spectral characterisation, Crystal structure, Dgns$unctional theory, Green
synthetic procedure
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1. Introduction

Nitrogen-containing heterocycles attract the aibentof the researchers during
decades. These compounds present very interestargnpcophores and building blocks
for compounds with biological or clinical interekteterocycles with pyrazolo moiety are
often an integral part of medically interesting qmunds. Pyrazolo-containing
heterocycles have been applied as commerciallyablaidrugs such as Celecoxib (anti-
inflamatory drug),[1] Zoniporide (cardioprotective drug),[2] Fezolamine
(antidepressant).[3] In addition, these compoundspress antimicrobial,[4,5]



antiproliferative,[6,7] antitubercular,[8] antialogienic,[9] analgesic,[7,10]
anticonvulsant,[11] hypoglycemic,[12] anxyolitici[land antiviral activity.[14,15]
According to their multifaceted activities, compaosn with pyrazolo moiety are
constituents of agro-chemicals, such as herbicidpgrazolynate, topramezone,
azimsulfuron), fungicides (furametpyr, bixafen, ggliostrobin), insecticides (fenpiclonil,
tricyclazole, fipronil).[16] The pyrazoles are intpant intermediates in organic
chemistry[17]and useful ligands in coordination chemistry.[13,A8 one of the most
flexible nitrogen donor heterocycles, pyrazoles che easily incorporated into
polydentate ligand structures.[18,20] There areesdvmethods for the synthesis of
pyrazoles, such as: reaction of chalcones and hydrs[21,22] coupling of hydrazine,
aldehyde and ethyl acetoacetate,[23] the Knorr dgide condensation with 1,3-
dicarbonyles or their derivatives,[24—-29]. In addit Suzuki—-Miyaura cross-coupling
reactions are powerful tool for the synthesis afaggle derivatives.[30] These reactions
are often performed at elevated temperature innicgsolvents, and in the presence of
different harmful catalysts.[28-31]

Many analytical techniques, such as NMR, IR, UV-ViSray, ESI-MS, etc., as well as
quantum chemical calculations, have been develdpe@lucidate physico-chemical
properties of these compounds. Further, Hirshfeldase analysis (HSA) is a powerful
tool for the analysis of intermolecular interacgomithin their crystal packing. [21,32,33]
Herein, we report a simple and low-cost protocdhere freshly squeezed lemon juice
was used as catalyst and solvent in one-pot syistbébenzoyl-H-pyrazole derivatives.
All synthetized compounds were experimental charamd using IR, UV-Vis!H and
13C NMR spectroscopy. Density functional theory (DFWjas used to perform the
geometry optimization and calculations of the NNIR, and UV-Vis electronic spectra of
the investigated compounds:ray determination andnalysis of Hirshfeld surfaces in the
solved crystal structure were presented, alsoh&dest of our knowledge, the literature
fails with data related to the usage of lemon juanatural, recyclable and eco-friendly
medium for their synthesis,[34,35] as well as d&ia synergistic experimental and
theoretical approach to the elucidation of theudure.

2. Experimental

All the chemicals were procured from either Sigmdrish Co. or Merck & Co. The IR
spectra were recorded on a Perkin-Elmer Spectrum FEJRIR spectrometer using the
KBr plates. The UV/Vis spectra were measured atroemperature within the 200-500
nm range on the Agilent Technologies, Cary 300SetiV-Vis Spectrophotometer. A
solution of 2.5x18 M of each compound was prepared in methanol aem 2hmL of the
corresponding solution was injected into the 10 gumartz cell and recorded spectrum.
The'H NMR and'*C NMR spectra were run on a Varian Gemini specttem@00 MHz
and 50 MHz for'H and*3C respectively) using CDgls solvent. Melting points were



determined on a Mel-Temp capillary melting poinpparatus, model 1001. Elemental
microanalysis for carbon, hydrogen, and nitrogemrewperformed at the Faculty of
Chemistry, University of Belgrade. Lemon was pusdtafrom local market.

2.1. Preparation of lemon juice

Lemon wassqueezedand obtained juice was filtered through Buchnemntl with a
sintered glass disc in orderrtemove pulp. The pH value of the filtrate was akduthe
obtained juice was then used in the reaction.

2.2. General procedure for the synthesis of benzoyl-1H-pyrazole derivatives 2 and 3

A mixture of acetylacetone (1 mmol) and correspogdiydrazide (1 mmol) in lemon
juice (3 ml) was stirred at room temperature. Reagbrogress was monitored using thin
layer chromatography (TLC). In case where reagbiduct precipitated during reaction,
the mixture was filtered and washed with water,haitt further purification. In cases
where mixture of two products were obtained, ad aglwhen substances were liquid,
reaction mixture was dissolved in ethyl acetatevwadhed with water, and products were
separated by column chromatography. All produ@fsj (and 3a-j) were characterized
with melting points!HNMR, **CNMR and IR spectra. For the new compouidand3i
purity was confirmed by elemental analysis, andresponding spectral data are
presented here, while for other compounds correfipgndata are presented in
Supplementary material).

2.3. Spectral characterization of benzoyl-1H-pyrazole derivatives

(2-chlor ophenyl)(4,5-dihydr o-5-hydr oxy-3,5-dimethylpyr azol-1-yl)methanone
(2f): White powder (10%); Eluent: dichloromethane/ethgetate (3:1); mp 95-97 *H
NMR (200 MHz, CDC}) &: 1.95 (s, 3H), 1.99 (s, 3H), 2.98 (AB-fyyas = 51.7 Hz,J =
18.4 Hz, 2H), 4.85 (s, 1H), 7.44 — 7.29 (m, 4L NMR (50 MHz, CDG)) &: 16.11,
26.67, 51.56, 92.00, 126.40, 128.35, 129.30, 13A.30.02, 135.70, 155.80, 166.49; IR
(KBr): vmax = 3445, 3067, 2985, 2856, 1643, 1623, 1441, 13231, 1125, 1050, 975,
874, 746, crit; C1oH1sCINLO, (FW = 252.7): C, 57.04; N, 11.09; H, 5.19%; fourd:
57.20; N, 11.12; H, 5.20%

(4-iodophenyl)(3,5-dimethyl-1H-pyrazol-1-yl)methanone (3i): Yellow solid (36%);
Eluent: dichloromethane/ethyl acetate (2:1); mB85; ‘H NMR (200 MHz, CDC)) &:
2.25 (s, 3H), 2.63 (s, 3H), 6.07 (s, 1H), 7.72)&, 8.5 Hz, 2H), 7.83 (d] = 8.4 Hz, 2H);
13C NMR (50 MHz, CDC}) &: 13.88, 14.35, 100.07, 111.24, 128.72, 132.70, Q1337
145.10, 152.33, 167.52; IR (KBNmax = 2924, 1694, 1583, 1376, 1352, 1008, 918, 833,
769, 742, 623 cifi CioH11IN,O (FW = 326.14): C, 44.19; N, 8.59; H, 3.40%; foufd
44.03; N, 8.56; H, 3.41%.



2.4. X-ray crystal structure determination

Single-crystal X-ray diffraction data for compoufid were collected at an Oxford Gemini S
diffractometer, using monochromatized Kito radiation § = 0.71073 A). Data reduction and
empirical absorption correction were performed withysAlisPRO [36]. The structure was
solved by direct methods using SHELXS and refinadFoby full-matrix least-squares using
SHELXL [37]. All non-hydrogen atoms were refinedisotropically. H atoms bonded to C
atoms were placed in geometrically calculated posstand refined using the riding model with
Uiso values constrained to 1.24br 1.5U of the parent C atoms. H atom bonded to O atom was
constrained in position found from a difference f@usynthesis. The PLATON [38] software
was used to perform geometrical calculation andMiecury [39] was employed for molecular
graphics. In order to identify the relative imparta of the intermolecular interactions within the
crystal packing ofi the Hirshfeld surface analysis was performed bygu€rystalExplorer[40].
The molecular Hirshfeld surfack,, was mapped over a fixed colour scale.53 (red) to 1.41 A
(blue). Crystallographic details are summarized in TaBle Crystallogrphic data have been
deposited with the Cambridge Structural Databa€¥)C deposition numbers 1887548.

2.5. Dengity functional theory calculations

The Gaussian 09 program package was used to perédirncalculations.[41] The
equilibrium geometries of all compounds were catad using the B3LYP-D3 functional
in conjunction with the 6-311+G(d,p) basis setf&2,n the gas-phase and chloroforin (
= 24.3) since it was used as solvent for experialddMR spectra, using the conductor-
like solvation model (CPCM) as implemented in G&arg39.[44—-46] To confirm that all
structures are local minima, frequency calculatimese done. The optimized geometries
in the gas-phase were used for simulation of IRCtsae while the NMR shifts for all
hydrogen and carbon atoms relative to TMS were utated using the Gauge-
Independent Atomic Orbital (GIAO) method. UV—Visesra were simulated using TD-
DFT and structures optimized in methanol, becaxperanental spectra were acquired
using this solvent. It is worth pointing out thanslated IR bands were not scaled, since
obtained bands are in good agreement with expetahemes. On the other hand,
simulated NMR chemical shifts, both hydrogen antbea, were scaled using scaling
factors obtained using the least squares methodigodint 0.9639 and 0.9422.

3. Results and discussion

In continuation of our interest on synthesis ofagen heterocyclic compounds,[47,48] new
green synthesis of benzoyHipyrazole derivatives under mild reaction condisiowas
achieved. The synthesis was performed in the pecesehfreshly squeezed lemon juice as
solvent and natural source of citric acid, i.e.i&ted acid catalyst (pH ~ 2), Scheme 1.
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Scheme 1. General reaction for the synthesis of of benzdyiglyrazolederivatives in lemon juice.
3.1. Synthesis of 1-benzoyl-1H-pyrazole derivatives

To optimize reaction conditions, model reactiorwetn benzohydrazide (1 mmol) and
acetylacetone (1 mmol) in different amounts of lemace was performed at room temperature,
Table 1. Initially, in the presence of 1 and 1.5 ofljuice and after 3 h, corresponding product
was formed in moderate yield. Higher amount ofguf2 and 2.5 mL) increased the yield and
reduced reaction time. In 3 mL of lemon juice, theld of the product was very good and
reaction time shorter. Further increase of the lenuice to 4 mL didn’t affect the yield and
reaction time. The formation of the pyrazole prdd8owas tested in pure water, also. The
product was obtained in low yield and after prolatan of the reaction time to 24 h (Table 1,
entry 8). However, this reaction mixture contairfethl pyrazole producB, as well as its
precursor 1l-benzoyl-5-hydroxy-4,5-dihydrétpyrazole2 in 5:4 ratio. Moreover, to test the
influence of temperature on the dehydration2pthe reaction mixturavas heated to reflux,
Table 1 entry 9. After 5 hours of heating, the ¢ief 3 was improved to 70%, while amountf
was only 2%.

Table 1. Optimisation of the reaction conditidhs
Lemon juice/water Time  Yield

Entry (mL) h) (%)
1 1 3 65
2 1.5 3 70
3 2 1.5 75
4 2.5 15 85
5 3 1 20
6 4 1 90
7 5 1 20
g° 3 24 47
9° 3 5 70

®Reaction conditions: benzohydrazide (1 mmol) andtyaacetone (1 mmol), room temperatuféreactions
performed in wateroom temperaturéreflux.

Considering obtained results, 3 mL of lemon juicaswused as optimal for the
synthesis of 1-benzoylH-pyrazoles derivatives starting from aromatic hyditas la-j
and acetylacetone in molar ratio 1:1, Schemei%.ithportant to emphasize that, some of
the reactions with substituted benzoyl hydraziddsand 1d) finished much faster than
the control reaction with benzohydrazida. Namely, these reactions finished after 15
minutes, with only final pyrazole producBpresent in the reaction mixtures, Table 2.
Therefore, we performed all reactions for the sgsath of pyrazole derivates for 15
minutes in 3 mL of lemon juice, starting from hyzidesla-j and acetylacetone in molar
ratio 1:1.



Table 2. Product distributionZ;3) of the reactions of different benzoyl hydrazidésj) with acetylacetone after 15
minutes.

Yield (%)
Compound > 3
a 18 72
b / 89
c / 42
d / 91
e 18 74
f 36 46
g 42 19
h 46 15
i 77 2
j 88 4

In the cases where benzoyl hydrazides with eleadmrating groups on phenyl riridp and
1d reacted with acetylacetone, only the 1-benzdydpyrazoles derivative8b and 3d were
obtained in high yields. On the other hand, bendddwidesla and le, as well as benzoyl
hydrazides with electron-withdrawing groupfj reacted slower, yielding the mixture of the
corresponding 1-benzoyl-5-hydroxy-4,5-dihydrd-pyrazoles2 and final products 1-benzoyl-
1H-pyrazoles3.

To improve yields, reaction time was prolongatedheéne 2. Product8b and 3d were
obtained in high yields after 15 minutes and inseeaf reaction time didn’t influence any
increase in yields of these products. Reactiongevhgdrazideda and 1e were used, finished
after 1 hour, and products were obtained in verydggield. On the other hand, reactions with
hydrazideslc and1f-j required prolongation of the reaction time, Sch&me
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Scheme 2. Products obtained in reactions of aromatic hydieziwith acetylacetone at room temperature in
lemon juice.

To get further insight in the reaction, and to firehsonable explanation for the
distribution of the product® and3, mechanism of this reaction is proposed and aed]ys
Scheme 3. The reaction starts with concerted pabimm of diketone with HB (in our
case citric acid), followed with nucleophilic atkaof nitrogen N from 1 to the carbonyl
group of acetylacetone, and deprotonation of timeesk’. This way formed intermediate
| undergoes dehydration in similar fashion. Here, ft8n lemon juice protonates OH
group forming water molecule, with simultaneousrdémation of N. Hydrazido-imine
intermediatd | is formed. Next, remaining carbonyl group of imediatel | is subjected
to protonation, while the Nis being deprotonated. In the same time, 1-berzoyl
hydroxy-4,5-dihydro-H-pyrazoles? is formed, as product of cyclocondensation reactio
Dehydration of2 would be facilitated with the presence of citriagdacThis agrees with
the fact that uncatalyzed test reaction in watedpced high amount d?, while the
presence of acid from lemon juice significantly daved dehydration a? to form final
product 3. In addition, dehydration process is dependenttlen electron density on
N'.[49,50] This process would be favoured with inseghelectron density on*Nsince
this would make aromatisation of the ring easiarmn @sults show that electron-donating



groups positioned on the aromatic ring of the bghhgdrazide enable quick formation
of the final pyrazole addu@, while electron accepting groups decrease eledensity
on N! and therefore make this process slower.

intermediate | intermediate Il

o o)
N2, K
N | X -H0 /N\N N
o T L
OH R ’R
H 95) 2 3
B-H

Scheme 3. The suggested mechanism for the formation of 1-twdriH-pyrazole derivatives.
3.2. Structural characterization of 1-benzoyl-1H-pyrazole derivatives

All synthetized compounds were characterized uspegrtroscopic techniques such as IR, UV-
Vis, *H and **C NMR spectroscopy, as well as with melting poirftao of fifteen obtained
derivatives are newly synthetized compoun@t gnd 3i). The purity of newly synthetized
compounds was confirmed and by elemental analysiaddition, the structure of compou@d
was confirmed by single-crystal X-ray diffractionadysis. To our best knowledge, the crystal
structure of that compound has not been reportddrso

Experimental and simulated IR spectra of 1-benzelyldroxy-4,5-dihydro-H-pyrazole
derivatives2f and2i, as well as of 1-benzoyHtpyrazole3i are presented in Fig. 1, while all
other spectra are given in Figs. S3 and S4. Tagasskperimental bands, IR spectra were
simulated using DFT. One can note that all simdlagpectra are very similar to those
experimentally obtained. Here, IR spectral charazgon of compound&f, 2i, and3i will be
discussed. Deeper insight in experimental and sitedlspectra dli and3i revealed difference
in their structure. Particularly, the band at 3429 present in the spectrum 2if is absent from
the spectrum o8i, suggesting that the OH group in compo@n not present. Vibration around
1630 cn' in the spectrum a2i is redshifted to 1690 chin the spectrum ddi and corresponds
to C=0 vibration, while C-N vibrations from the speim of 2i are blueshifted from 1433 and
1376 cnit to 1376 and 1273 chin the spectrum o8i. Bands around 1323, 1221, 1125, 964,
824, and 605 cthare present only in the spectrum2vfand correspond to GHleformational
vibration, C-O, N-C(OH), C-OH, C-GHand O-H out of plane deformational vibrations,




respectively. In the spectra &f bands around 917 and 833 toorrespond to Ar—C—C=0 and
=C-H deformational out of plane vibrations. Althbugr—C—C=0 system is present 2n the
band of this vibration is most probably absent frepectra due to stabilization through
C=0...H-0 hydrogen bonding. In both spectra, bandsrat 1580, 1480, 1010, and 745%tm
are present, and correspond to aromatic C—G; d@&fbrmational, aromatic C-I vibration, and
aromatic deformational out of plane C—H vibratiorespectively. IR spectra &f and2i are
mutually very similar. The only difference betwa@ese spectra is that vibration corresponding
to aromatic carbon halogen vibration is redshifted125 crit in the spectra dff.

T i

—— experimental 2f

experimental 2i
simulated 2f
—— simulated 2i

g (M'em™)
g (M'cm™)

e mwm

experimental 3i
—— simulated 3i

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

@ d u=42 @ u=29 o ®
Fig. 1. Optimised structures, dipole moment values of gouamds2f, 2i, and3i, as well as their
experimental and simulated IR spectra.

All compounds were characterised using experimentdltheoreticalH and**C NMR
spectra. Chemical shifts of 1-benzoyl-5-hydroxy-diBydro-1H-pyrazole derivative2f
and2i, as well as of 1-benzoylHtpyrazole3i are presented in Tables 3 and 4, while the
corresponding data for other compounds are giv@rables S2 and S3.

The 'H NMR spectra of compound®f and 2i reveal that there is no pronounced
difference in chemical shifts, except in the arameggion, Table 3. In both experimental
spectra two diastereotopic protons of methyleneugr@H, and H) of pyrazole ring
resonate as AB quartets at 2.98 palag € 18.4 Hz andAvag = 51.7 Hz) and 2.96 ppm
with (Jag = 18.4 Hz and\vag = 47.4 Hz). These diastereotopic protons undepge-spin
coupling to each other, Fig. 2. In simulated sgettese signals appear at 2.96 and 2.91
ppm. Singlets of methyl groups attached to C3 afafdhe pyrazole ring appear at 1.95
and 1.99 ppm (1.78 and 1.94 ppm simulated) in geetsum of2f, and at 1.96 and 2.04

9



ppm (1.84 and 1.99 ppm simulated) in the spectrfir@i.oSinglets for hydroxy group
bonded to stereocenter C5 appear at 4.85 and f.0O0ip corresponding spectrum of
each compound, while in predicted spectra at 46i14a88 ppm. The aromatic protons of
2f are observed as multiplet at 7.37 ppm (simulat&8 ppm), while in the spectra af
they are observed as doublets at 7.85 and 8.07(gipmlated 7.57 and 7.78 ppm). In the
'H NMR spectrum of dehydrated prod@ttsinglet originating from proton bonded to C4
carbon of pyrazole ring appear at 6.07 ppm (sinedl& 10 ppm). Methyl groups attached
to C3 and C5 carbons of pyrazole ring are presentgdtwo sharp singlets resonating at
2.25 and 2.63 ppm (simulated 2.26 and 2.62 ppm, @otons of phenyl group as
doublets at 7.72 and 7.83 ppm (simulated 7.62 a8@l ppm).

o]
2
1_N
| AN N7 IN\3
4/
i~ 75\@:
R HO H
(\ ar ~Diastereotopic

" protons

Fig. 2. Skeleton of compounda
Table 3. Experimental and simulatétli NMR chemical shifts (ppm).

2f 2i 3i nL
exp sim| exp sSim| exp Si

| 199 194 204 199|225 226
195 178 196 184|263 262

C4a-H | I I 6.07 6.10
C4-H, H, | 298 296/ 296 291
____________ 737 7.33/7.85 757| 7.72 7.62
Ar 807 7.78| 7.83 7.86
"C5-OH | 4.85 451500 488 /.

In **C NMR spectra of compound® and2i carbon atoms of methyl groups appear
around 16 and 27 ppm in both experimental and sitedl spectra, Table 4, Fig. Sb5.
Peaks around 156, 51, and 93 ppm originate fromG43,and C5 carbons (in simulated
spectra 159, 53, and 95 ppm), respectively. Carlbbbi@&=0O group appeared around 167
ppm. Similarly, to the case dH NMR spectra, the only difference betwed@ NMR
spectra of compound® and2i is in the aromatic region. Namely, there are @€als in
the spectrum of in region of 126-136 ppm, while in the spectrum2qafowing top-
substitution of I atom, there are four signalsha tange of 98—-137 ppm. In the spectrum
of compound3i, both methyl groups appeared around 14 ppm (steullB5 and 17 ppm),
and carbon atoms C3, C4, and C5 around 152, 1@D,145 ppm (simulated 153, 111,
and 147 ppm), respectively. Aromatic carbons wdrgeoved in the region 111-137 ppm
(simulated 132-138 ppm), and carbon of carbonyligraround 167 ppm (simulated 166).
It is worth pointing out that simulatééi and**C spectra reproduced chemical shifts with
high accuracy. Namely, average absolute errors (PakBount 0.13 and 1.69 ppm, while

10



the correlation coefficients (R) for the dependesaf the calculated chemical shifts on

the experimental values are larger than 0.99, BaBRand S3, Fig. S5.

Table 4. Experimental and simulatédC NMR chemical shifts (ppm).

2f 2i 3i

exp sim exp sim exp sim
cH, |61l 1817) 1620 1806 1385 15.61
________________ 26.67 _ 26.71| 2687 2642 1434 16.15
LLCAH N R I ] 111.20 1108
_C4A-H,H,| 5156 5287 51.02 5272 [
C5 92.00 94.75/92.79 94.73 | 145.10 147.15
""" C3 | 155.80 159.4¢ 155.59 157.76 152.33 153.39
""" C=0 | 166.49 164.49167.52 165.9§ 167.52 165.69
 1131.02 136.74 133.64 13337 128.72 132.36
135.70 138.27 131.39 131.11 132.70 132.44
Ar 129.30 128.04 136.86 134.50 137.03 134.48
130.30 129.09 98.30 109.26 111.24 118.68

126.40 126.01

128.35 127.26

In addition to the IR and NMR spectral charactéirg UV-Vis spectra of the
compounds2f, 2i, and 3i were acquired and simulated, Fig. 3. In both, d@rpental and
simulated spectra of compoun@$, 2i, and 3i, one major absorption band appeared. In
experimental spectra d¥f, 2i, and 3i absorption bands appear at 230, 251, and 263 nm,
respectively. In the simulated spectr&bfmajor band is somewhat blueshifted to 227 nmlewhi
in the case o2i and3i, bands are redshifted and appear at 277.5 andr288 o distinguish the
parts of molecules responsible for electronic titeorss, Kohn—Sham orbitals were constructed,
Figs. S6, S7, and S8. Experimental band at 230smmu(ated 227 nm) in the spectrumabfis
consequence of HOMO to LUMO+2 electron transitiOm. molecular level, electron transition
from pyrazole moiety of the molecule to the benzgrgup is responsible for the appearance of
this band. In the spectrum &f, band at 251 nm is a consequence of electronitiangrom
HOMO to LUMO (from almost entire molecule to thenkeyl part of the molecule), with some
participation of HOMO-1 (benzoyl part of the molesuand HOMO-4 (pyrazole part) to the
LUMO (benzoyl part) electron transitions. In theseaf3i, besides HOMO to LUMO transition
(from benzoyl to benzoyl part of the molecule),rthes some contribution from HOMO-2 to
LUMO electron transition (from pyrazole part to thenzoyl part of the molecule). Considering
regions responsible for the appearance of the biantle spectra o2f, 2i, and3i at 230, 251,
and 263 nm, respectively, it is clear that the égirenergy band at 230 nm is consequence of
electron transition between different parts of mh@ecule (large spatial gap), while in the cases
of 251 and 263 nm, these bands are caused witHesrsphtial gap electron transitions within
the same region & and3i molecules.
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Fig. 3. Experimental and simulated UV-Vis spectr&bf2i, and 3i.

Solid-state structure ¢ was determined by single crystal X-ray diffractidine molecular
structure is shown in Fig. 4, while the selectedngetry parameters are given in Table 5. It is
worth pointing out, that there is very good agreeirmetween X-ray diffraction geometrical
parameters and those obtained from the gas phéseizgud structure ofi. The pyrazoline ring
in 2i displays expected deviation from planarity, causgthe presence of two Spybridized C
atoms (r.m.s 0.0757 A). The ring adopts an envetmpdormation, where the C5 atom, carrier
of the methyl and hydroxyl substituents, deviat#s+0.28 (1) A from the least-squares plane of
the remaining N1/N2/C3/C4 atoms (r.m.s 0.004 Ami&ir to previously reported 4,5-dihydro-
1H-pyrazole derivatives,[51-54] the N2—-C3 bond [1.2786(17) Adshthe shortest length,
indicating a localization of electron density imstpart of the ring.

0.0 T T T T T T T T 1
200 220 240 260 280 300 320 340 360 380 400

Fig. 4. Molecular structure and atom-labeling schemai ofith displacement ellipsoids drawn at the 30%
probability level.
Table5. Selected X-ray and calculated bond lengths (&) angles (°) ofi.

X-ray calculated X-ray calculated
AAE=0.013 AAE=0.5
N1-N2  1.406(8) 1.392 N1-N2-C3 106.7(6) 108.6
N1-C5 1.471(9) 1.501 N2-N1-C5 112.5(5) 112.8
N2-C3  1.283(10) 1.280 N1-C5-C4 100.5(6) 100.8
C3-C4 1.492(12) 1.506 N2-C3-C4 114.2(7) 114.1
C4-C5 1.518(11) 1.538 N1-C1-C7 119.4(5) 120.0

N1-C1 1.364(9) 1.369 N1-C1-O1 119.3(6) 119.3
C1-01 1.239(9) 1.234 C3-C4-C5 103.0(6) 103.4
C1-C7 1.484(11) 1.493

12



The molecule displays E configuration with regardtl—C1 bond [1.364(9) A], as evidenced
by the torsion angle N2-N1-C1-O1 of 161.4(7)°. Timean plane defined by atoms
N1/C1/01/C7/ makes a smaller dihedral angle withrtiean plane of pyrazoline ring [12.5(5)°]
in comparison to the dihedral angle toward the gheng [48.1(3)°]. These values suggest that
the interrupted delocalization within the pyrazeliiavorizes a delocalization of N2 free electron
pair towards the carbonyl group adjacent to thg.riris is also reflected in N1-C1 bond which
is notably shorter than analogue bond.ibenzoyl-5-hydroxy-4,5-dihydroH-pyrazolederivatives.
The dihedral angle between the mean planes of pymazring and phenyl ring is 58.1(3)°.

The molecular structure is stabilized by intramalac hydrogen bond formed between
hydroxyl group and carbonyl O acceptor [02—-H2...01:.6 2.50 A O-H...0 123°]. In the
crystal packing the same donor and acceptor arehied in the formation of specific O2—
H...O1 centrosymmetric dimer [02—H2...OH...0 2.04 A O-H...O 150°, (i) = -X, -y, -z+1].
The similar motif has been observed in previouiséydture data[53,54]. The dimers interconnect
by weak C—H...O interaction [C4—H4b...OH...0 2.57 A C-H...O 145°, (i) = X, -y+1, -z+1]
into a chain extending along tlbeaxis, Fig. 3. The N2 acceptor &f has no role in hydrogen
bonding. The crystal structure @f is further stabilized only by weakly attractivearactions
arising from the van der Waals contacts.

Hirshfeld surface analysis (Figure 6) has beem tsequantify the intermolecular interactions
stabilizing the crystal packing &. [40] The deep red spots on Hirshfeld surfaceicatd the
shortest contacts in tig system result from dominant O2-H2...01 hydrogen bigure 6a).

In the corresponding 2D fingerprint plot (Figure @iy centrosymmetric interaction is indicated
by a pair of distinct spikes. The percentage cbation of the O...H interactions to the crystal
packing is only 14.0%, while the main contributi@sults from the H...H contacts (44.1%). The
majority of Hirshfeld surface area @f is characterized by light colors indicating the@lence

of weak van der Waals and electrostatic contagtpi(€ 6a and Figure S1). Short lateral spikes
in 2D fingerprint plot reflect the weak H...I contmavhich contribute to the Hirshfeld surface
with 15.4%. In the crystal packing each iodinenafds into the fold of a neighboring molecule
(Figure S2) resulting in weak van der Waals inteoas. The distance between the iodine and
the centroid of phenyl ring is 3.799(3) A.
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Fig. 6. (a) Hirshfeld surface dli; (b) two-dimensional fingerprint plot.

4. Conclusion

A new green method for the synthesis of benzd¥dpyrazole derivatives was performed in
lemon juice as eco-friendly medium and biocataly®eaction of benzoyl hydrazides with
acetylacetone produced 1-benzoyl-5-hydroxy-4,5-dlibylH-pyrazoles 2 and 1-benzoyHi
pyrazoles 3, depending on the hydrazide substituti®enzoyl hydrazides with electron-
withdrawing groups reacted slower, yielding the tumig of 2 and 3. Electron-donating
substituted benzoyl hydrazides reacted fasterdiyiglonly pyrazole products 3 in high yields.
Two compounds, 2f and 3i, and their structureseperted here for the first time. IR, NMB&nd
UV-Vis spectral characterization was done expertiadgn as well as theoreticalhAll simulated
spectra agree with the experimental ones. Solig-stauctures 02i was determined using single
crystal X-ray diffraction analysis. The molecule displays E configuration described by the
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torsion angle N2-N1-C1-01 of 161.4(7)°. The N1-Gadlength of 1.364(9) A as well as the

dihedral angle between N1/C1/0O1/C7/ fragment andzmfine ring of 12.5(5)° suggest the

delocalization of the electron density from thegzgline N2 toward the carbonyl group. In the
crystal packing the molecules of 2i form O2-H...Oditogen bonded centrosymmetric motif

characteristic for 1-benzoyl-5-hydroxy-4,5-dihydid-pyrazole derivatives. Hirshfeld surface

analysis indicates the prevalence of weak van daal$\Vand electrostatic contacts in stabilization
of crystal packing, with small participation of hmpden bonds.
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