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The crystal structure of 1-(1H-pyrazol-4-yl)ethanone (commonly known as 4-acetylpyrazole;
C5H6N2O) was determined from single-crystal X-ray data at 173 K: monoclinic, space group P21/n
(no. 14), a = 3.865(1), b = 5.155(1), c = 26.105(8) Å, β = 91.13(1)◦, V = 520.0(2) Å3 and Z = 4.
The adjacent molecules assemble into a wave-like ribbon structure in the solid state, linked by strong
intermolecular N-H···N hydrogen bonds between the pyrazole rings and a weak C–H···O=C hy-
drogen bond involving the carbonyl group. The ribbons are stacked in the solid state via weak π

interactions between the pyrazole rings.
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Introduction

“Standard” molecules are often used in the literature
for studying the influence of hydrogen bonds in the
solid state. The parent pyrazole is such a compound,
which forms N–H···N hydrogen bonds to build up
supramolecular assemblies. An N–H···N proton is of-
ten crystallographically disordered or even found to be
shared between the nitrogen atoms. When the pyrazole
derivatives have substituents at positions 3, 4 and 5
with additional donor atoms, they can form additional
bridging interactions in the solid state and coordinate
in several ways. An example of this can be seen in the
structure of 3-amino-4-acetyl-5-methylpyrazole [1].

Results and Discussion

We report here the crystal structure of 4-acetylpyr-
azole (1), one of the simplest representatives of a sub-
stituted pyrazole with an additional donor atom, first
mentioned by Wijnberger and Habraken in 1969 [2].
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Compound 1 appears in nature in traces as a side-
product in roasted sesame seed oil [3, 4] or roasted
chicory root [5], which can be used as a substitute for
coffee and as a tobacco flavor ingredient [6]. Com-
pound 1 can also be found in small amounts in dried
red pepper [7]. During the typical La Vera drying pro-
cess [8] of red pepper, the amount of compound 1 by
weight can be increased over time. During the fermen-
tation process of sausages compound 1 is also formed
in small amounts as a decomposition product of fatty
acids and the Strecker products of amino acids [9, 10].

We prepared 4-acetylpyrazole (1) according to the
procedure by Birkofer and Franz [11] via the reac-
tion of 4-trimethylsilyl-but-3-yn-2-one [12] and di-
azomethane. After neutralization with caustic soda
during the work-up procedure, extraction and removal
of the solvent we obtained a colorless precipitate,
which was recrystallized from chloroform. Analytical
data (1H NMR, IR (CHCl3), EA, MS [13], and melting
point [14]) were in accordance with those found in the
literature [11, 15].

Suitable single crystals for X-ray diffraction stud-
ies were grown from a saturated chloroform solution
by slow evaporation of the solvent at room tempera-
ture. A view of the low-temperature (173 K) molecular
structure of compound 1 is given in Fig. 1. Selected ge-
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Fig. 1. An ORTEP [16] plot of compound 1 in the solid state
showing 50% probability displacement ellipsoids and the
atom numbering scheme.
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Fig. 2. Structural parameters of monomeric 1 at different
levels of computational sophistication. Numbers from
top to bottom: RI-BP86(D)/TZVP; RI-MP2(fc)-SCS/
TZVP; RI-CC2(fc)/TZVP; RI-BP86(D)/TZVPP; RI-
MP2(fc)-SCS/TZVPP.

ometric and structural parameters are listed in Tables 1
and 2.

In order to gain deeper insight into the bonding in
1, quantum-chemical calculations at density functional
(RI-BP86(D)) as well as ab-initio level of sophistica-
tion (RI-MP2(fc)-SCS) were performed with the TUR-
BOMOLE 6.2 set of program systems [17]. Basis sets
of triple-zeta quality with one (TZVP) or two sets of
polarization functions (TZVPP) were utilized, in order
to account for the (relatively) weak hydrogen bonding
in these systems. More computational details are given
in the Experimental Section of this publication.

Fig. 3. DIAMOND [20] plot of the crystal structure of com-
pound 1 as viewed down the crystallographic a axis. Dotted
lines show the N–H···N as well as the C=O···H interactions.

Table 1. Selected bond lengths (Å) and bond angles (deg)
for compound 1 in the solid state. Numbers in brackets
are the theoretical values of the calculations (RI-MP2(fc)-
SCS/TZVPP).

O1–C4 1.222(2) [1.220] N2–N1–C3 112.3(1) [113.60]
N1–C3 1.338(2) [1.351] N1–N2–C1 104.8(1) [104.06]
N1–N2 1.358(2) [1.349] N2–C1–C2 111.6(1) [111.93]
N2–C1 1.324(2) [1.333] C1–C2–C3 104.38(9) [104.33]
C1–C2 1.405(2) [1.415] C3–C2–C4 128.9(1) [128.80]
C2–C3 1.385(2) [1.389] C1–C2–C4 126.8(1) [126.87]
C2–C4 1.469(2) [1.475] N1–C3–C2 107.0(1) [106.09]
C4–C5 1.496(2) [1.514] O1–C4–C2 120.8(1) [121.01]

O1–C4–C5 122.0(1) [121.81]
C2–C4–C5 117.2(1) [117.18]

Table 2. Hydrogen bond geometry (Å, deg) of compound 1
in the solid statea. Numbers in brackets are the theoretical
values derived from DFT calculations (RI-BP86(D)/TZVP)
for a hexameric unit.

D–H···A D–H H···A D···A D–H···A
C5-H53···O1i 0.97(2) 2.55(3) 3.51(2) 168.2(12)

[1.10] [2.52 – 2.55] [∼ 3.55] [152 – 154]
N1-H1···N2ii 0.90(2) 2.01(2) 2.867(2) 159.5(14)

[∼ 1.045] [∼ 1.82] [∼ 2.82] [159 – 161]
C2···C3iii – – 3.387(2) –

a Symmetry operation for equivalent atoms (i): x, 1+y, z; (ii): 2.5−
x, 0.5+ y, 0.5− z; (iii): −1+ x, y, z.

The structure of monomeric 1 was studied initially.
The bond lengths computed using different levels of
sophistication are summarized in Fig. 2. Throughout
these studies, similar bond lengths for monomeric 1
were found.
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Table 3. Comparison of bond lengths (Å) of similar pyrazoles.

1 2 [1] 3 [19] 4 [18] 5 [21] 6 [22]

N1–N2 1.358(2) 1.378(2) 1.347 – 1.360 1.343 – 1.349 1.346(2) 1.327
N1–C3 1.338(2) 1.331(3) 1.341 – 1.343 1.344 – 1.345 1.335(2) 1.353
N2–C1 1.324(2) 1.328(3) 1.333 – 1.335 1.338 – 1.339 1.318(2) 1.323
C1–C2 1.405(2) 1.431(4) 1.395 – 1.401 1.393 – 1.400 1.405(2) 1.405
C2–C3 1.385(2) 1.401(3) 1.369 – 1.379 1.377 – 1.391 1.373(2) 1.370
O1–C4 1.222(2) 1.237(3) – – – –
C2–C4 1.469(2) 1.438(4) – – – –
C4–C5 1.496(2) 1.505(4) – – – –

The DFT calculations (RI-BP86(D)/TZVP) show
only small variations in bond lengths and bond an-
gles when compared to the more sophisticated ab initio
calculations (RI-MP2(fc)-SCS/TZVPP), and compare
well with experimental values. The deviations might
be the result of the strong intermolecular interactions
in the solid phase compared to the single molecule in
the gas phase. The experimentally determined bond
lengths and angles in the solid-state structure are in
good agreement with other solid-state structures of
pyrazole derivatives (Table 3). As in the experimen-
tal crystal structure the calculated one is dominated
by two strong intermolecular N–H···N hydrogen bond
interactions (see Table 2), forming a ribbon arrange-
ment. The intermolecular hydrogen-nitrogen distance
(2.01(2) Å) is within the normal range (2.02(5) Å) [18,
19]. The twisted structure is linked by another very
weak hydrogen interaction (2.55(2) Å) of the methyl
group from one molecule with the oxygen of the car-
bonyl group to form a one-dimensional framework.
This simple dimensionality may be a result of the very
strong N–H···N bond formation for dimers and the lack
of presence of other atoms for the formation of hydro-
gen bonding.

As is shown in Fig. 3, these hydrogen bonds com-
bine to assemble an infinite wave-like ribbon struc-
ture running parallel to the crystallographic b axis. The
stacking of the different ribbons in the solid state re-
sults from very weak interactions between the π sys-
tems of the heterocycles, resulting inter alia in an in-
teraction (3.387(2) Å) between C2 in one ribbon and
C3 in the next one (see Table 2). Adjacent individual
ribbons, and hence the stacks of these ribbons, are ori-
entated in the solid state by a 180◦ rotation with respect

to each other with no significant hydrogen-bonding in-
teractions in between.

In order to mimic the bonding in the crystal we op-
timized a layer framework of six molecules, connected
via π stacking (RI-BP86(D)/TZVP level). The aver-
aged calculated torsion angle O1–C4–C2–C1 is 0.35◦,
as compared with 0.2(2)◦ observed in the experiment.
Thus theory and experiment are in accord with each
other.

As we had used the experimental geometry of 1 and
its observed conformation as the starting point of the
DFT calculations, we were also interested in study-
ing the other possible conformer, in which the acetyl
group is rotated by 180◦, and the C=O unit points to-
wards the NH group of the pyrazole ring. Compound
1a has a 0.69 kcal/mol lower energy minimum than
compound 1 (Table 4).

In a second step we probed also a hexamer of 1 by
DFT calculations using the RI-B86(D)(/TZVP) com-
putational level. In this framework the experimental
bond lengths and bond angles are in better agreement
with the experimental solid-state structure, compared

Table 4. Relative energies (in kcal mol−1) for the different
conformers of compound 1 at the RI-BP-86-D/TZVP com-
putational level.

Compound 1 1a
Erel, kcal mol−1 +0.69 0
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to the single molecule calculated by DFT calculations
(as shown in brackets in Table 1). The intermolecular
distances between the molecules, shown in Table 2 in
brackets, are also in relatively good agreement with the
solid-state structure for such a calculated small unit.

Experimental Section

Synthesis

Compound 1 was prepared with an overall yield of
93% analogous to the procedure reported by Birkofer and
Franz [11]. M. p. 113 – 115 ◦C. – IR (CHCl3): ν = 3443 (N–
H), 1673 (C=O) cm−1. – 1H NMR (300 MHz, CDCl3):
δ = 11.3 (br, 1 H, NH), 8.13 (s, 2 H, CH), 2.47 ppm (s, 3 H,

Table 5. Summary of the crystallographic data of com-
pound 1.

Empirical formula C5H6N2O
Molecular weight 110.12
Crystal color/shape colorless/needle
Crystal size, mm3 0.10×0.15×0.81
Crystal system monoclinic
Space group P21/n (no. 14)
a, Å 3.865(1)
b, Å 5.155(1)
c, Å 26.105(8)
β , deg 91.13(1)
V , Å3 520.0(2)
Z 4
ρcalcd., g cm−3 1.41
µ , mm−1 0.1
Wavelength; λ , Å MoKα ; 0.71073
T , K 173(1)
Θ range, deg 1.56 – 25.98
Reflections integrated 2219
Independent reflections (all data)/Rint1020/0.013
Observed reflections [I > 2 σ(I)] 870
Parameters refined 97
R1 (observed/all data)a 0.0304/0.0387
wR2 (observed/all data)b 0.0774/0.0817
GOFc 1.068
Largest diff. peak/hole, e Å−3 0.23/−0.20

a R1 = Σ||Fo|− |Fc||/Σ|Fo|; b wR2 = [Σw(F2
o −F2

c )2/Σw(F2
o )2]1/2,

w = [σ2(F2
o )+ (AP)2 + BP]−1, where P = (Max(F2

o ,0)+ 2F2
c )/3;

c GoF = [Σw(F2
o −F2

c )2/(nobs−nparam)]1/2.

CH3). – MS (EI, 70 eV): m/z(%) = 111 (5) [M+H]+, 110
(35) [M]+, 96 (8), 95 (100), 68 (48), 67 (12), 43 (47), 40
(32). – C5H6N2O (110.12): calcd. C 54.54, H 5.49, N 25.44;
found C 54.49, H 5.43, N 25.27.

Single-crystal X-ray structure determination of compound 1

Suitable single crystals for the X-ray diffraction study
were grown from chloroform. Crystal data and details of the
structure determination are presented in Table 5.

The crystal was fixed on the top of a glass fiber with
perfluorinated ether and transferred into a Lindemann capil-
lary for data collection. The intensity data were corrected for
Lorentz, polarization effects and a decay of 3.3%.The struc-
ture was solved by a combination of Direct Methods and dif-
ference Fourier syntheses [23]. All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydro-
gen atoms were found in the final difference Fourier maps
and allowed to refine freely with isotropic displacement pa-
rameters. Full-matrix least-squares refinements with 97 pa-
rameters were carried out by minimizing Σw(F2

o −F2
c )2 with

the SHELXL-97 [24 – 26] weighting scheme and stopped at
a shift over error ratio of < 0.001.

CCDC 992137 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Calculations

All calculations were performed with the TURBOMOLE

program systems in the version 6.2 [17]. The resolution of
the identity (RI) based on the BP86 functional [27, 28] was
used in combination with the TZVP basis set (TZV basis set
of triple-ξ quality plus one set of p functions at the hydro-
gens plus one set of d functions for all other atoms) [29]. Al-
ternatively the more flexible TZVPP basis contains two sets
of polarization functions. The density functional calculations
were at times corrected for dispersion interactions (D) utiliz-
ing the Grimme approach [30].
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