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The molecular and crystal structures of 4-acetamido-2,3-dimethyl-1-phenylpyrazol-
5-one (1) and 4-maleylamido-2,3-dimethyl-1-phenylpyrazol-5-one (2) were studied. The
molecular confonmations are stabilized via systems of intermolecular hydrogen bonds
between the amide groups and the carbonyl oxygen atoms of the pyrazolone rings. The
conformation of compound 2 is additionally stabilized via an intramolecular interaction
between the carboxyl group and the amide oxygen atom. According to the IR spectral data,
protonation of the compounds under study in an acetonitrile solution occurs at the carbonyl
oxvgen atom of the pyrazolone ring, which is also confirmed by the UV spectral data.
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Derivatives of pyrazol-5-one are widely used in phar-
macology, analytical chemistry,! and chemistry of dyes.2
These compounds can also serve as useful ligands in
complexation with d and f elements, which is of interest
in connection with the problem of the preparation of
new materials possessing advantageous properties.

Previously,3~7 we have reported the synthesis and
the spectral and structural characteristics of complexes
of the simplest pyrazol-5-one derivatives, viz., antipy-
rine, amidopyrine, and ligands of the diantipyrylmethane
series. The present work is devoted to studies of the
structures and spectral properties of 4-acetamido-
2,3-dimethyl-[-phenylpyrazol-5-one (1) and 4-maleyl-
amido-2,3-dimethyl-l-phenylpyrazol-5-one (2) by X-ray
diffraction analysis and 1R and UV spectroscopy.
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These compounds are of interest as potential ligands
possessing several possible coordination centers. There-
fore, with the aim of modeling processes of complex-
ation, we considered the spectral properties of solutions
of protonated forms of the ligands.

Experimental

Single crystals of compounds 1 and 2 were prepared by
recrystallization from acctonitrile. The X-ray diffraction data
were collected on an automated Enraf-Nonius CAD-4
diffractometer (Mo-Ka radiation, 6/20 scanning technique).
The principal crystallographic data and the results of the
refincment are given in Table t. Both structures were solved
by direct methods. The positions and thermal parameters of
the nonhydrogen atoms were refined anisotropically. The posi-
tions of the hyvdrogen atoms were Jocated from difference
electron density syntheses and refined isotropically. All calcu-
lations were carried out with the use of the SHELXL-93
program package.® The atomic coordinates and equivalent
thermal parameters of compounds 1 and 2 are given in Tables
2 and 3, respectively.

The IR spectra were recorded on a Nicolet Magna 750
Fouricr IR spectrometer; the resolution was 2 cm™!. The solid
samples were prepared as Nujol mulls. The UV spectra were
obtained on a Pye Unicam 8800 instrument.
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Results and Discussion

The principal interatomic distances and bond angles
in molecules 1 and 2 are given in Tables 4—7. The
overall views of the molecules and the atomic number-
ing schemes arc shown in Figs. | and 2.

The molecular conformations are stabilized viag inter-
molecular hydrogen bonds between the carbonyl oxygen
atoms of the pyrazolone rings and the hydrogen atoms
of the amide groups. The parameters of the
N(3)—H...O(1 ") intermolecular hydrogen bond in the
structure of 1 are as follows: N...O, 2.87 A; N—H,
1.22 A; H..O, 1.70 A; the N—H—0O angle is 159°;
symmetry transformation | — x, 1 — y, I — z The
parameters of the N(3)—H(3n)...O(1") intermolecular
hvdrogen bond in the structure of 2 are as follows: N...O
2.826 A; N—H 089 A; H..O 1.94 A; the N—H—-O
angle is 171°, symmetry transformation —x, | — y,
I — z In addition, the oxygen atom of the amide
fragment and the hydrogen atom of the carboxyl group

Table 1. Principal crystaliographic data and results of the
refinement for compounds 1 and 2

Parameter 1 2
Formula C,;HN,O, CsH sN;0;4
Molecular weight 245.28 301.30
Wavelength/A 0.71073
Crystal system Orthorhombic Triclhinic
Space group Pbca Pl
alA 13.562(3) 8.321()
b/A 8.526(2) 9.316(2)
c/A 21.551(4) 11.023(2)
«/deg 90 70.11(3)
B/deg 90 8§1.98(3)
y/deg 90 65.07(3)
V7R3 2491.9(9) 728.6(3)

V4 8 2

Number of check

reflections 3 3

Interval of their

measurements/min 600 60
Stability (%) 0.5 0.2

Peate/B €2 1.308 1.373
~000) 1040 316
20,,,./deg 45 50

Range of indices 0<h<13, 0<hc9,

0< kg8, -9 < k< tU,
0</{<22 —12</<12

Number of reflections

(total) 431 2806
Number of independent 431 1538
reflections (R, = 0.010)
Method of refinement Full-matrix least-squares
Reflections/Parameters 431/224 1444/260

R, (based on F? 0.0297 0.0267

for retlections

with /22 a(f)

GOOF based on £ 1402 1.040
Extinction

coctfficient — 0.023¢H

Table 2. Atomic coordinates (x10%) and equivalent thermal
parameters (U, - 103/A?) in the structure of 1

Atom x y z ch

O(l) OLIT) 3804(13) 4741(4) 80(3)
0(2) 3641(7) 3235(14) 3334(5) 97(3)
N(1) 6883(7) 4322(12) 3800(4) 63(3)
N(2) 6618(7) 5072(18) 3249(4) 73(3)
N(3) 4294(7)  4857(15) 4062(5) 69(3)
C(H 5607(13) 5244(22) 3282(8) 76(5)
C(2) 5262(9) 4777(20) 3828(7) 67(4)
C(3) 6088(12) 4236(17) 4196(7) 63(4)
C(4) 703720) 4390(36) 2693(11) 98(8)
C(5) 5042(22) 5985(31) 2764(10) 99(7)
C(6) 7900(12) 4246(19) 3977(8) 63(4)
C(7) 8194(13) 3132(23) 4394(8) 73(5)
C(8) 9171(14) 3010(25) 4575(8) 82(5)
C(9 9829(15) 4085(25) 4349(11) 87(6)
C(10) 9551(13) 5208(26) 3930(9) 84(6)
C(11) 8594(12) 5318(25) 3757(8) 73(4)
C(12) 3565(12) 4035¢21) 3799(8) 79(5)
C(13) 2559(19) 4182(43) 4084(14) 103(8)

in compound 2 are involved in an intramolecular hydro-
gen bond to form a seven-membered-ring. The param-
cters of this O(2)...H(30)—0(3) bond are as follows:
0..0, 2485 A; O—H, 1.05 A; O..H, 1.45 A; the
O—H—0 angle is 170°.

The C=0 bond lengths in the pyrazolone ring (1.23(2)
and 1.239(2) A) agree well with the corresponding pa-
rameters in other derivatives of pyrazol-5-one.?1® The
formation of the intramolecular hydrogen bond in the
structure of 2 leads to a slight increase in the C=0 bond
length in the amide group compared to that observed in
the structure of 1, although the bond lengths in com-
pound 1 were determined with a rather low accuracy.

In compound 1, the N(3)—H bond is twisted by 10°
out of the C(2)—N(3)—C(12) plane. In the structure of
2, the amide fragment is planar; the NH bond is twisted
by 1.2° out of the plane. The small values of the torsion
angles for the substituents at position 4 of the pyrazolone
ring allows one to consider these fragments as virtually
planar (the maximum values of the torsion angle are as
follows: 10° for C(13)—C(12)—N(3)—H(3n) in the struc-
ture of 1 and 6.3° for C(13)—C(14) —~C(15)—0(4) in the
structure of 2).

The angle between the C(1)—C(2)—C(3) and
C(12)—=N(3)—H planes in 1 is 61.8°, which indicates
that conjugation between the pyrazolone ring and the
amide fragment is virtually absent. The corresponding
angle in the structure of 2 is 41.3°,

The angles between the planes of the benzene and
pyrazolone rings are 39.9° (1) and 34.9° (2) (for antipy-
rine, this paramecter is 52.1%),9 which hinders the ap-
pearance of strong conjugation between these rings. This
is also evidenced by the values of the N(1)—C(6) (1)
ad N(H—C(4) (2) bonds (1.43(2) and 1.428(2) A,
respectively), whi ™ are close to the standard values for
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Fig. 2. Structure of compound 2.
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Car—N,,3 bonds (1.42 A)."F The pyrazolone rings are
nearly planar. The torsion angles in these rings are no

Table 3. Atomic coordinates (x10%) and cquivalent thermal
parameters (Ueq - 103/A%) in the structure of 2

greater than 8° and 3° in 1 and 2, respectively, the
maximum deviations from the plane of the ring being
observed for the N(1) atom. The carbonyl oxygen atom
and the methyl group at position 3 lie nearly in the
plane of the pyrazolone ring. On the contrary, the
carbon atoms of the methyl groups attached to the N(2)
atom deviate from the plane by 0.84—0.85 A in both

Atom ! d ¢ [/°“ structures, which is attributable to steric interactions
o) 1758(2) 5302(2) 5620(1) 56(1) between the methyl group and the phenyt ring. There-
o) 2955(2) 4770(2) 1378(2) 65(1) fore, the nitrogen atoms have a pyramidal configuration,
0(3) 3348(2) 3339(2) —244(D) Z?(l) the phenyl and methyl substituents being located on
0O(4) 1935(2) 2978(2) —717(2) ;3(” opposite sides with respect to the pyrazolone ring.
z‘:i; %gg?gzz ;;:gg; ;Tg;g;; 4;:8 The environment about the N(1) atom is substantially
:\,(g) ”29(‘5) 5346(5) 3018(2) 4601 more flattened than that about the N{(2) atom. The
o{}) 23452y 7518(2)  2469(2)  45(D) C(4)—=N(2)—N(1)—C(6) and C(10)—=N(2)—N(1)—C(4)
C2) 1884(2) 6299(2) 3290(2) 43(D) torsion angles, which characterize the mutual arrange-
C3) 2149(2) 6155(2) 4585(2) 44(1) ment of the phenyl and methy! substituents in com-
C4) 2785(3) 8042(3) 5422(2) 46(1) pounds 1 and 2, are 61.0° and —65.5°, respectively.
Cs) 3312(3) 7040(3) 6674(2) 36(1) The bond lengths in the pyrazolone rings in two
C(6) 315503) 7790(4) 7603(2) 66(1) structures are in close agreement. Their values are in-
C(N 2538(3) 9493(4) 7289(3) 70(1) dicati £ N Jegree of delocalizati -
c(8) 2066(3) 10464(4) 6036(3) 67(1) icative of a certain degree of delocalization of the
C(9) 2153(3) 9759(3) 5098(2) 351 electron density in the rings. The bond lengths in the
C(10) 4509(3) 8546(4) 2771(2) 61(1)
C(tl) 2228(4) 8227(4) 1041(2) 611}
C(12) 1698(3) 4630(2) 2088(2) 46(1) Table 6. Bond lengths (d) in the structure of 2
C(13) 709(3) 3694(2) 1967(2) 49(1)
C(4) 917(3) 2917(3) 1107(2) 52() Bond d/A Bond d/A
C(15) 2125(3) 2747(2) —16(2) 33(1)

oH—C3) 1.239(2) C(H—C(11) 1.484(3)

, 0(2)—C(12)  1.241(2) C(2)—C(3) 1.427(3)

Table 4. Bond lengths (&) in the structure of 1 0(3)—C(15) 1.308(3) C(4)—C(5) 1.383(3)

o) —-C(15) 1.207(2) C($)—C(9) 1.385(3)
Bond /A Bond YA N()=C(3)  1.384(2) C(5)—C6)  1.388(3)
O(hH—C(3) 1.23(2) C(—C(5) 1.49(3) N()-~N@) 1.492_(3.) C6)=C(7)  1.374(4)
O()—C(12)  1.22(2) C2)~C(3) 1.45(2) N(H—C@)  1.428(2) CTI—C®) 1371
N(D—C(3) 1.38(2) C(6)—C(7) 1.37(2) NO)—-C((1) 1378(2) (::(8)—(.(9) |.381(_:4)
N(D—N(2) 1.40(1) C(6)—~C(11) 1.39(2) N(2)—C(10) 1.469(3) C(l2)—~(€(l3) 1.473(3)
N(H—C(6) 1.43(2) C(1—C(8) 1.38(3) N(3)—C(12) 1.336(2) C(13)—C(14) 1.329(3)
N()—~C(1) 1.38(2) C(3)—C(9) 1.37(3) N(3)—C@2)  1.406(2) C(14)—C(13)  1.490(3)
N(2)—~C(4) 1.45Q2) CE—-C10)  1.37(3) CH—C@  13523)
N(3)—C(12) 1.34(2) C{10)—C(it) 1.35(2)
N(3)—C(2) 141(1) C(12)—C(13)  1.50(3)

—CQ2

CH—C@) 133 Table 7. Bond angles (w) in the structure of 2
Table 5. Bond angles (o) in the structure of 1 Angle w/deg  Angle o/deg
Angle w/deg Angle ofdeg CO)—N(D—N®@) 109.5¢(1) C(5)—C#)—C%) 120.5¢2)

C(3)—N(1)—C(4) 25.4(1) C(9)—Cd)—N(1) H9.1(2)
C(3)—N(D)—N(2) 110.58)  O(H—-C(3H—-CQ2) 130D N(2)—N(1)—C(4) 118.5(2) C(O)—C(H—N(1)  120.3(2)
COH—N)—C(6)  126(1)  N(H—CH-C2)y  104(1) C(1)—N(2)-—N(1) 106.9(1) C(4)—C(5)—C(6)  118.8(2)
N@Q)=N(H—C6) 119.7(8)  CMH—-CE)-C(1) 1192) C)—~N)—C(10)  1205(2) CT)—-CE—CG) 1211
C(H=N@2)=N(1) 105.18)  CTNH—=CO—=N() 1192 N(D—=NQ)=C(ID)  115.1Q2) CB)—CT—C(6)  119.3(D)
CH=N@)—CEH 18 CON—=Ce)—=N) 1222) CUD—=NE)—C2) 124002 CN—CE)—~CO)  121.003)
N =N2)—C(4)  115(1) CO~CT)—C8) 121D C)—C(H—N(2) 109.2(2) CB)—COY)—CHE) 193D
CUD=NEB)-C) 1201 CH=CB-CO) 1182 C—-C(H—C) 13102 OD)—CIDH—-N@B)  121.8¢2)
CO—-CH—N2) i) CUn—CO—-C(8)  122(2) N2)—C(1}—C(I1)  119.8(2) OQ)—C(1)—C(13) 123.3(2)
CO-C=C(3) 123y CUD-CUN—C(9) 120(2) C(1)—C(2)—N(3) 129.2(2) (3)—CUD—C(3)  114.9(2)
N(O-C(H—C(5)  121(2)  CUMH—=CUD=Ct6) 121(D) Ci1H—C2)—-C(3) 109.2(2) C(14)—C(13)—C(12) 128.6(2)
C—-CQ)—N3) 129 O)—=CUD=N3)  126(1) N(G)—C(2)~C(3) 120.4(2) CUI3)—C(i4)—C(15) 132.5(2)
CH—C2)—C3)y 1081y O-CU2y~CiL3) 17 O(H)--C3)—N( ) 124.9(2) O4)—C(15)—-03) 1209
NG -C2)=C(3) 1231 N=CAaD—=C3 117(2) O(H—C3)—C(2) 130 102) O@—C(15)—C(t4) 118.3(7)
O(H—C—=N(D) 12600 N{DH~-C3)--C(2) T O)--CUY--C14) 120.3(2)
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fragment of maaleic acid and in the pheny! rings have
standard values.

IR spectral studics provided additional data on the
structures of the compounds under consideration. In the
IR spectra of compounds 1 and 2, groups of C=0
stretching modes in the 1600—1800 cm™! region and
NH and OH stretching modes in the 3100—3600 cm™!
region are most characteristic.

The spectrum of 1 has four intense absorption bands
inn the former region {Table 8). The assignment of these
bands was made taking into account the positions and
intensities of analogous bands in the spectra of other
derivatives of pyrazol-3-one and aromatic amides.34
Based on these data, the absorption band at 1653 ecm™!
in the spectrum of 1 was assigned to vC=O of the
pyrazolone ring.

Quantum-chemical calculations of normal modes of
fragments of the amidopyrine moleculel? demonstrated
that the above-mentioned vibration in derivatives of
pyrazol-3-one is not characteristic. The contribution of
the C=0 bond stretch to this vibration is only ~50%.
The C—C and C=C bond stretches of the heterocycle
also make substantial contributions to the above-men-
tioned vibration. Therefore, this frequency in derivatives
of pyrazol-5-ane corresponds to vibration of the C=C—
C=0 group, unlike nonaromatic amides in which this
frequency corresponds to vibration of the —N—-C=0
fragment.

The bands at 1614 and 1591 cm™! are assigned to
vibrations of the pyrazolone and phenyl rings, respec-
tively. The band at 1684 ¢m™! belongs to vCO of the
amide group (amide [ vibration). The higher vCO fre-

Table 8. Selccted vibration frequencics in the LR speetra of
compounds I and 2

1 2

Assignment Crystal  Solution  Crystal  Solution
A B A B

v{NH) 3195 3350 3213
WOH) + «(CH) 28003100
v(OH) + v(NH) 3240 3250
? 1755 1755
2 1725 1725
wCOpon 1717 1725 1742
WCOY,, e 1723
YCO), e 1684 1695 1698
V(CO)D\F +
+ WCO) e 1677 1643 1678
\-(CO}Mr 1633 1632 1633
VC=C) +
+ "'((:O)v.\l 1614 1624 (616
w(C=0) 1391 1593 1395

Nore. Al in CHLON, B in CHLON + HCL

quency of the amide group compared to vCO of the
pyrazolone ring is consistent with the data of X-ray
diffraction analysis. according to which the C=0 bond
in the pyrazolone ring is somewhat longer, which leads
to a decrease in its vibration frequency.

The frequency of the band at 1723 cm™! is too high
to be a vibration of the amide group or aromatic rings.
Apparently, this band belongs to an overtone of a low-
frequency vibration enhanced due to Fermi resonance
with the amide | band.

The IR spectrum of compound 1 in the crystalline
state has a broad band with the maximum at 3195 cm™!,
which is assigned to NH vibratious of the amide group.
The low-frequency shift of this band compared to that of
the frec amino group (about 3500 cmi™') is due to an
intermolecular NH...O=C hydrogen bond. The presence
of the fatter was confirmed by X-ray diffraction analysis.

The IR spectrum of crystalline compound 2 in the
vC=0 region is simpler than that of compound 1 in
spite of the fact that compound 2 contains an additional
carboxyl group. The spectrum of 2 has only two absorp-
tion bands (at 1717 and 1645 cm™!, see Table 8), though
the latter band is broadened. The band at 1717 cm™! is
assigned to vC=0 of the carboxyl group, whose fre-
quency is somewhat lower due to conjugation with the
C=C bond as well as to the involvement of the COOH
group in the intramolecular hydrogen bond.

The vC=0 vibrations of the pyrazolone ring and
vibrations of the amide group in 2 have, apparently,
close frequencies, thetr absorption bands overlap, and
both wvibrations contribute to the band observed at
1645 cm™!, as a result of which the latter has a complex
contour. The lower value of vC=0 of the pyrazolone
ring in 2 compared to that in 1 is due to the involvement
of this group in the intramolecular hydrogen bond. The
closeness of the frequencies is aiso consistent with the
closeness of the C(3)—O0(1) and C(12)—0(2) bond
lengths (1.239(2) and 1.241 (2) A, respectively).

The vNH bands in the spectra of 2 and 1 have close
frequencies and are similar in contour, which is indica-
tive of the identical character of the intermolecular
hydrogen bonds formed with the participation of the
amide groups. The vOH vibration is observed in the
2800—3100 cm™! region as a broad band which overlaps
with vCH stretching absorption bands. The low fre-
quency and the large width of the vOH absorption band
are indicative of the presence of a hydrogen bond be-
tween the carboxyl group and the carbonyl oxygen atom.
Therefore, the spectral and X-ray diffraction data on
hydrogen bonding in the crystals of 1 and 2 correlate.

With the aim of modeling the process of complex-
ation, we examined the spectra of 1 and 2 and their
protonated forms in acetonitrile solutions. We chose this
sotvent, which is “inconvenient” for IR spectral studies,
because the compounds under consideration are very
poorly soluble in dromatic solvents, chloromethanes,
and saturated hydracarbons. The vC=0 region of the IR
spectrum of a solution of compound 1 in acetonitrile has
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four absorption bands. Taking into account the spectrum
of compound 1 in the solid state, we assigned the bands
at 1632 and 1677 cm™! to vC=0 of the pyrazolone ring
and to vibrations of the amide group, respectively. The
frequencies of the bands at 1725 and 1755 cm™F are too
high to be vCO vibrations in amides. Hence, the assign-
ment of these bands presented a serious problem. The
elucidation of the nature of these bands calls for special
studies. Taking into account their low intensities, it can
be suggested that these bands belong to overtones or to
combination tones.

The spectrum of a solution of 1 has a vNH broad
band with the maximum at 3350 c¢m™!, which is indica-
tive of hydrogen bonding. The increase in the vNH
frequency compared to that observed in the crystalline
sample is due to the cleavage of intermolecular hydro-
gen bonds between the C=0 groups of the pyrazolone
rings and the NH groups and to the formation of
intramolecular hydrogen bonds between these groups.

When a solution of 1 was saturated with gaseous HCI,
the band at 1677 cm™' disappeared (Fig. 3) and a new
band at 1695 cm™! appeared. The band at 1632 em ™! was
shifted to 1624 cm™!. The observed changes in the spec-
trum are consistent with protonation at the carbonyl O
atom of the pyrazolone ring. Protonation results in a
decrease in the vCO frequency of the pyrazolone ring and

—

Transmittance

L/ 1678
iy
J 1610
1742
: L 633
1800 1700 1600 v/em™!

Fig. 3. IR spectra of acetonitrile sohlutions of compounds 1 (2)
and 2 () in the absence of HCL (1) and in the presence of
HCL (D)

in an increase in the vCO vibration frequency of the
nonprotonated amide group. The vibration bands at 1755
and 1725 ¢m™! remain unchanged upon protonation.
This fact confirms the above suggestion that these bands
do not belong to vibrations of amide groups.

Protonation leads to a change n the character of
hydrogen bonding in the system. This results in a change
in the spectrum in the 3000—3400 cm™! region. Thus,
the vNH band is shifted from 3350 cm™! to 3240 cm™!,
which is accompanied by its substantial broadening. In
the protonated form, the COH and NH groups can form
bonds with the oxygen atom of the amide fragment of
the molecule. In addition, a stretching band of the OH
group involved in hydrogen bonding should be observed
in this region of the spectrum.

The IR spectrum of an acetonitrile solution of 2,
unlike the spectrum of the crystalline sample, has four
absorption bands in the 1600—1800 cm™! region. Two
low-frequency bands (1633 and 1610 cm™}) are assigned,
by analogy with the spectra of the crystalline sample, to
mixed vibrations of the C=C and C=0 bonds of the
pyrazolone ring. The bands at 1725 and 1678 cm™! are
assigned to the vC=0 vibration of the carboxyl group and
to the vC=0 vibration of the amide group, respectively.
The frequency of the latter band is higher than that
observed in the spectrum in the crystalline state and is
associated with cleavage of the hydrogen bonds with the
participation of the COOH group.

Noticeable changes are observed in the 1300--
1800 cm™! region of the IR spectrum of an acctonitrile
solution of compound 2 saturated with gaseous HCIL
The intensity of the vCO band of the COOH group is
increased substantially and this band is shifted to
1742 cm™!. Two low-frequency bands disappear upon
protonation. Taking into account that these bands be-
long to vibrations with the participation of the C=0
group of the pyrazolone ring, their disappearance is
indicative of protonation at the carbonyl group of the
heterocycle. The intensity of the amide band decreases
and the band is broadened and shifted to 1698 cm™!.

The electronic absorption spectra of compounds 1
and 2 were measured in aqueous and acetonitrile solu-
tions. The spectra of acetonitrile solutions are similar to
those of nonsubstituted and 4-alkyl-substituted anti-
pyrines.3 A long-wavelength absorption band for com-
pounds 1 and 2 is observed in the region of 250
280 nm (1. 257 nm, ¢ = 11000 in H,0 and 278 nm,
¢ = 11100 in CH;CN; 2: 252 am, & = 11600 in H;O
and 272 nm, ¢ = 11160 in CH;CN). When solutions
were saturated with gaseous HCI, the intensity of
the long-wavelength band decreased and this band dis-
appeared at a concentration of hydrogen ions of
-1 mol L7 in an aqueous solution and a concentration
of 1072 mol L™ in an acetonitrile solution. Therefore,
protonation of the above-mentioned compounds pro-
ceeds substantiolly more readily in nonaqueous than in
aqueons solvents.
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