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The crystal structure of the title compound was solved from

laboratory powder diffraction data in the triclinic group P�11 by

simulated annealing using the program DASH. Since Rietveld

refinements yielded inaccurate geometries the structure was

finally refined by geometry optimization using energy mini-

mization in the solid state with the DFT/plane-waves

approach. The molecule is essentially planar and its

Meldrum’s acid moiety (2,2-dimethyl-1,3-dioxane-4,6-dione)

has a flattened boat conformation. The bond orders in the

molecule estimated using a natural bond-orbitals formalism

correlate with the optimized bond lengths. The structure in the

solid state is based on dimer units in which the molecules are

held by N—H� � �O and C—H� � �O hydrogen bonds in addition

to electrostatic interactions. These units interact through weak

C—H� � �O hydrogen bonds. It is suggested that structure

refinement by energy minimization at the DFT level of theory

may in many cases successfully replace Rietveld refinement.
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1. Introduction

Meldrum’s acid (MA), isopropylidenmalonate, 2,2-dimethyl-

1,3-dioxane-4,6-dione, is a cyclic isopropylidene ester of

malonic acid. It is an active methylene compound with

extensive synthetic potential (McNab, 1978; Chen, 1991).

Although it was prepared as early as 1908 (Meldrum, 1908), its

crystal structure was not reported until much later (Pfluger &

Boyle, 1985). The solid-state conformation of the molecule in

the orthorhombic structure (Pbca) has been shown to be the

boat conformation; the molecules in the structure are fixed by

weak C—H� � �O interactions. One possible application of MA

is the preparation of 4-quinolones (Gordon et al., 1983) or

their fused analogues (Cassis et al., 1985; Saloň et al., 2000,

2001, 2004) starting from its precursors, N-substituted 5-

aminomethylene MA derivatives. These types of compounds

are exploited in the Gould–Jacobs reaction to prepare the well

known group of drugs 4-quinolones, which are active anti-

bacterial, anticancerogenic, immunomodulator, antihelmintic

and antiparasitic agents in human or veterinary treatments

(Milata et al., 2000), or can cause apoptosis (Repický et al.,

2005). The simplest compound among the aminomethylene

derivatives is the title compound, 5-anilinomethylene (I).

Meldrum’s acid derivatives belong to a large group of anilino-

ethylene derivatives with two electron-accepting (with-

drawing) substituents on the opposite side to the amino group,

e.g. in � positions (Hermecz et al., 1992; Kettmann et al., 2004).



Several crystal structures of derivatives of MA have been

reported, e.g. Krapivin et al. (1989), Jiang et al. (1993), Blake,

McNab & Morrow (1994), Blake, Gould et al. (1994), Blake et

al. (1997, 2003), de Armas et al. (2000) and Joussef et al.

(2005). The structures and gas-phase ionization energies of

MA and its related cyclic and acyclic compounds have recently

been investigated theoretically at the B3LYP and MP2 levels

of theory by Lee et al. (2003). Their molecular structure

optimizations proved the boat configuration to be the most

stable for MA in vacuo, but upon substitution of the methy-

lene groups the twisted chair or chair gradually became more

stable.

The aim of this study was twofold. First, to solve the

structure of the title compound from laboratory powder data

as it was impossible to prepare single crystals of a suitable size.

Secondly, to refine the structure by:

(i) restrained Rietveld refinement and

(ii) structure optimization by energy minimization in the

solid state,

and to compare the performances of both approaches.

Although the second approach is not yet a widely accepted

procedure in the field of powder diffraction, it can be, strictly

speaking, called refinement as it improves the accuracy of the

quantities of interest starting from their ‘rough’ estimates. The

size of a problem tractable by a solid-state DFT method

running on a laboratory computer nowadays reaches 200–

300 atoms per unit cell, H atoms included. When the most

common space group found for organic structures (P21/c) is

considered, the size of a molecule is then as much as 50–

75 atoms, i.e. well above the current limit for unrestrained

organic powder refinement. The main advantage of such an

approach is that the positions of the H atoms are, in contrast to

X-ray refinements, optimized along with the positions of the

‘heavy’ atoms, thus providing reliable hydrogen-bond

geometry. In addition, the shape of the molecule obtained by a

molecular calculation is further optimized under the

constraints imposed by a crystal field. Since theoretical

calculations are, as a rule, carried out in the space group P1,

the simultaneous optimization of the geometries of several

molecules within a cell provides a good measure of the

internal consistency of the optimization and structure solution.

2. Synthesis

Aniline (10 mmol, 0.93 g) was added to a solution of 5-

methoxy- or ethoxymethylene-2,2-dimethyl-4,6-dioxo-1,3-

dioxane (10 mmol; Bihlmayer et al., 1967; Saloň et al., 2000) in

ethanol (20 ml) under reflux while starting compounds

disappeared (TLC control, eluent chloroform: methanol 10:1).

The reaction mixture was then cooled, evaporated on a rotary

evaporator and recrystallized from ethanol. Yield 82%, m.p.

429–430 K.

3. Experimental and calculation

The powder pattern used for structure determination and

Rietveld refinement was collected within the 2� range 3–80�

with a transmission Stoe Stadi-P diffractometer, using strictly

monochromatic Co K�1 radiation. To determine a possible

preferred orientation, another pattern was collected by

applying the same data collection strategy with a Philips 1730/

50 reflection diffractometer using �-filtered Cu K� radiation.

The structure was solved by the simulated annealing global

optimization procedure, as implemented in the DASH

program (David et al., 2001) using only the transmission data.

Restrained Rietveld refinements were carried out with the

GSAS package (Larson & Von Dreele, 2000) with an

EXPGUI interface (Toby, 2001). Molecular geometries were

analysed using PLATON (Spek, 2003), MERCURY (Bruno et

al., 2002) and DIAMOND (Brandenburg, 2000).

Molecular calculations were performed using the GAUS-

SIAN98 program package (Frisch et al., 1998) at the B3LYP/6-

31G** level of theory. NBO (natural bond-orbital) calcula-

tions were carried out using the NBO 3.1 version (Glendening

et al., 1993) of the program included in the GAUSSIAN98

package. Solid-state calculations were performed using the

Vienna ab initio simulation package VASP (Kresse & Hafner,

1993 1994a; Kresse & Furthmüller, 1996). The exchange–

correlation function was expressed in the localized density

approximation (LDA) according to Perdew & Zunger (1981),

together with the generalized gradient approximation (GGA)

according to Perdew & Wang (1992). Plane waves formed a

basis set and calculations were performed using the projector-

augmented wave method (Blöchl, 1994; Kresse & Joubert,

1999) and using atomic pseudo-potentials (Kresse & Hafner,

1993, 1994b). An optional energy cut-off controlling the
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Figure 1
Atom-labeling scheme in a molecule of the title compound. Structure
solution involved variation of the following torsional angles: �1 = C11—
C10—N1—C9 and �2 = C10—N1—C9—C5. The numbers above the bonds
are Wiberg bond orders calculated for the isolated molecule using the
NBO formalism. Arrows indicate the predicted electron-density transfer.



accuracy of the calculation was set to 400 eV, representing an

extended basis set and consequently highly accurate calcula-

tions. The Brillouin-zone sampling was restricted to four k

points. The positions of all the atoms were optimized by

applying the conjugate-gradient method until the differences

in total energy were less than 10�5 eV. No symmetry restric-

tions were applied during the geometry optimization; the

structure optimization was thus effectively performed in the

P1 space group.

4. Indexing, structure determination and refinement

The experimental details are given in Table 1. The transmis-

sion pattern was independently indexed in two Laboratories

using the program ITO (Visser, 1969). Both calculations gave

triclinic cells with very similar cell parameters and the average

M20 ’ 46. The space group P�11 was assigned, taking into

account the cell volume and density. The P1 space group was

not considered because it was expected that a possible

deviation from the P�11 symmetry would be later disclosed by

structure refinement with energy minimization. The accuracy

of the estimated lattice parameters was further improved by

several cycles of the LeBail pattern decomposition method.

Considering a heavy overlap of diffractions at high angles, the

original 2� range was for the structure solution with an upper

limit of 50� 2�. The pattern was corrected for background and

after several cycles of Pawley fitting (Pawley, 1981) �2
Pawley

dropped to a value which is very acceptable for laboratory

data, � 9. The structure was then solved by simulated

annealing varying, in addition to three positional parameters

and four quarternions, two torsional angles (Fig. 1). The H

atoms were also included in the structure search as they

contribute 13e� per molecule to the total electron density. To

avoid geometrical inaccuracies in the molecular model, its

geometry was fully optimized prior to structure solution

(convergence in total energy �E < 10�4 a.u.). Several struc-

ture solutions gave very close time variations of the minimized

quantity (�2
SA) and very similar final values, all near 28. Since

the resulting molecular packing was reasonable, a series of

Rietveld refinements was carried out. Background variation

was described by a Chebyshev polynomial and the pseudo-

Voigt profile function was used to approximate the profiles.

Inasmuch as a comparison of the reflection and transmission

patterns suggested [121] to be a possible direction of the

preferred orientation, the March–Dollase correction (Dollase,

1986) was also attempted in the first stage. All the positions of

the non-H atoms were refined with the support of a set of

bond length and angle restraints. The restraints were based on

a geometrical analysis of the molecular geometry obtained by

energy minimization in vacuo. The planarity of the benzene

ring and part of MA (C4—C6—O1—O3) was supported by

two additional planarity restraints. The total impact of the

restraints on the refinements was controlled by a common

weighting factor WX.1 Three X values were used: 50 for

heavily restrained refinements, 5 for moderately restrained

and 0 for unrestrained refinements. The H atoms were refined

riding on heavy atoms, keeping the C/N—H distances equal to

1 Å. The isotropic displacement parameters U(iso) of the H

atoms were assigned the values 1.2 times U(iso) of the parent

heavy atoms. Inasmuch as the number of refined parameters

was rather large for a powder refinement, one series of

refinements was carried out by releasing the positional and

displacement parameters alternately until convergence was

achieved. The results obtained in this series are referred to as

X/U hereafter. The second series was carried out with all

atomic parameters released simultaneously (X + U). The

number of refined atomic parameters was 55 or 73, respec-

tively. Since the refined values of the March–Dollase para-

meter were not significantly different from 1.0, this parameter

was omitted from the last refinement cycles. An example of

the Rietveld fit is shown in Fig. 2. Parallel to the Rietveld

refinements, the energy calculations at both the molecular and

crystal level were carried out for all the relevant configura-

tions. These single-point calculations were carried out with the

atomic coordinates fixed at the values obtained in the

respective Rietveld refinements.

5. Results and discussion

5.1. Accuracy of the refinements

The basic information for all the calculations is summarized

in Table 2. As the scales of the total energies for the molecular

and solid-state calculations are different, the individual ener-

gies are reported relative (�E) to the respective reference

values – the lowest energy within a series. In general, the

differences in the molecular energies mainly reflect the

changes in bond distances and angles, and to a much lesser

extent the changes in torsional angles. In the solid state any

variations in cell energies also reflect these changes in the

molecular geometry, which are due to crystal packing and/or

the formation of hydrogen bonds.

The lowest molecular energy corresponds to the molecular

geometry in vacuo. Inasmuch as during structure solution the

molecular geometry could be modified only by varying two

torsional angles (Fig. 1), the increase in molecular energy of

0.16 eV is attributed to the small changes in the mutual
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Acta Cryst. (2007). B63, 477–484 Ľubomı́r Smrčok et al. � X-ray, molecular and solid-state DFT study 479

Table 1
Experimental details.

Crystal data
Chemical formula C13H13NO4

Mr 247.24
Cell setting, space group Triclinic, P�11
Temperature (K) 300
a, b, c (Å) 10.60310, 11.59680, 5.50320
�, �, � (�) 97.8790, 103.8910, 71.4570
V (Å3) 621.43
Z 2
Radiation type Co K�1

Data collection
Diffractometer Stoe Stadi-P
Data collection method �/2�

1 For details see the GSAS Technical Manual.



orientation of the phenyl ring and the MA residue. The cell

energy of the solved structure is very close (� 0.5 eV) to the

reference value, which was obtained by the subsequent opti-

mization of all the atomic positions in the cell by energy

minimization. The overall trends in the molecular and cell

energies, obtained from single-point calculations based on the

atomic coordinates taken from Rietveld refinements, are such

that the energies increase with:

(i) the decreasing impact of restraints and

(ii) the increasing number of simultaneously refined atomic

parameters.

These trends in total energies are in contrast to

the nearly identical values of the Rietveld

factors of agreement not reflecting changes in

the structures. To complete the first picture it

should be noted that for W0(X + U) the Riet-

veld refinement gave O1(O3)—C2 bond

distances longer than 1.94 Å, i.e. in fact it tore

the molecule into two parts.

Increasing energies are mirrored by the

increasing relative errors of the individual bond

distances summarized in median-based box-and-

whisker plots (Fig. 3). Two unrestrained refine-

ments resulted in unacceptable relative errors,

W0(X + U) with larger errors due to the larger

number of simultaneously refined parameters.

The refinements applying restraints weighted by

the factor five (W5) provided bond distances,

whose relative errors are acceptable for the

majority of powder refinements, where accuracy

comparable to single-crystal refinement is neither requested

nor expected. From Fig. 3 it is also evident that only heavily

restrained refinements (W50) gave distances which are in fair

agreement with the reference values. The size of the 50% box

corresponding to the refinement carried out by energy mini-

mization is comparable to those derived from two tightly

restrained Rietveld refinements. Closer inspection of the

values summarized in the boxes showed that while for Riet-

veld refinements the distribution of relative errors is not

systematic, for energy minimization the largest relative errors

are systematically in the C—O distances. This artefact we

attribute to the slightly different

quality of the atomic pseudo-

potentials used in the calculations

by VASP.

Table 3 summarizes the devia-

tions from the expected planarity

of the phenyl ring and the devia-

tions from 120� of the ring bond

angles. While for the W50 and W5

refinements all the deviations are

tolerable, unrestrained W0 refine-

ments gave deviations beyond

acceptable limits. In contrast, a

geometrically unrestrained energy-

minimization calculation provided

almost ideal ring geometry. Larger

deviations in bond angles around

the N1 atom from the expected are

due to the different nature of the

substituents attached to it and

hence reflect different bonding

conditions. Finally, a summary of

isotropic displacement parameters

U showed that X/U refinements

provided consistent (though most

probably inaccurate) estimates,

which are independent of the
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Table 2
Rietveld factors of agreement, differential energies (eV), �E = E � Eref, and Meldrum’s
acid ring conformations.

Reference energy values are Eref (molecule, M) = �23371.95 eV, Eref (solid, S) = �401.28 eV.
1 eV = 96.55 kJ mol�1, FB – flattened boat

Refinement or
computational model Rwp RF2 S �E(M) �E(S) MA conformation

Molecule Reference FB

Solved structure 0.16 0.49
Solved and optimized Reference FB

W0(X/U) 0.04 0.07 2.2 8.45 15.96 Undefined
W5(X/U) 0.04 0.08 2.3 2.05 4.39 Deformed FB
W50(X/U) 0.04 0.09 2.4 0.75 1.82 Deformed FB

W0(X + U) 0.04 0.08 2.2 10.03 18.93 Undefined
W5(X + U) 0.04 0.09 2.3 1.52 3.31 Deformed FB
W50(X + U) 0.05 0.10 2.5 0.98 2.26 Deformed FB

Figure 2
Final observed (crosses), calculated (solid line) and difference (below) diffraction profile for W50(X + U)
Rietveld refinement of (I).



common weighting factor WX. On the contrary, X + U models

suffer from the same problem as the majority of powder

refinements – the U values vary wildly from atom to atom and

negative values appear in an unpredictable manner.

Considering the results from all the refinements it was

concluded that the most accurate structure was obtained by

unrestricted geometry optimization by energy minimization in

the solid state. Geometrical analysis using PLATON (Spek,

2003) revealed that the symmetry of the structure can be

increased from P1 to P�11, as the root mean-square deviations

between atomic coordinates of the two molecules were zero.

Atom coordinates have been deposited,2 Table 4 depicts

selected bond distances, angles and torsion angles. Hydrogen

bonds are summarized in Table 5.

5.2. Electronic, molecular and crystal structure

NBO (natural bond orbital) analysis (Foster & Weinhold,

1980) of the molecular electronic structure revealed (Fig. 1)

that the bond order of N1—C9 is intermediate between a

single and a double bond (1.303). The higher bond order

results from an involvement of the lone pair of N1 in the

delocalization of electrons in the middle part of (I). A detailed

analysis of NBO results showed that the electron donor, the

N1 atom lone pair, is connected through a formally double

C5 C9 bond to electron-withdrawing (‘pull’) carbonyl

groups. As a result, the electrons from the lone pair are

delocalized to a formally single N1—C9 bond, giving it a

partially double-bond character. Furthermore, �-electrons

from the double C5 C9 bond are pulled towards the C5—C6

and C4—C5 bonds, which gain a slightly multiple character.

Free electron pairs of O1 and O3 atoms are delocalized to the

O1—C6 and O3—C4 bonds, respectively, and also interact

with anti-bonding NBOs of the nearest �-bonds. These inter-

actions are responsible for back-transferring the electron

density to �-bonds, thus counterbalancing the withdrawal of

�-electrons and lone pairs by carbonyl groups. The geome-

trical consequence of such electron redistribution is the

elongation of the C4—O4, C6—O6 and C9—C5 bonds and the
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Table 3
Deviations of atoms (�P � 1000 Å) from the plane defined by C10–C15
+ N1 atoms and deviations of phenyl ring bond angles (�’ �) from 120�.

The latter also include the C15—C10—N1 and C11—C10—N1 bond-angle
deviations for Rietveld refinements, while for DFT solid state and molecular
geometry optimizations two sets are reported, because the values of optimized
C—C—N bond angles significantly differ from the values of the C—C—C
bond angles Emin(M), Emin(S). The geometric parameters in molecule (M) and
structure (S) were obtained by energy minimization. Deviations are reported
as (minimum, median, maximum) values for every calculation.

Calculation �P �’

W50(X/U) �2, 1, 3 �0.2, 0, 0.3
W5 �24, �3, 21 �1.5, 0.1, 1.3
W0 �290, 0, 560 �20, �1.5, 18

W50(X + U) �29, �4, 15 �0.4, 0, 0.3
W5 �36, �1, 23 �1.4, 0.8, 0.9
W0 �230, �40, 240 �31, �3, 12

Emin(S) �5, �1, 23 �0.5, 0.1, 0.5†
�2.6, 0.1, 2.6‡

Emin(M) �5, 2, 3 �0.6, 0.1, 0.8†
�2.4, 0.1, 2.7‡

† C—C—C angles only. ‡ C—C—C + C—C—N angles.

Table 4
Selected bond lengths (Å), bond angles (�) and torsion angles (�).

Calculated bond distances were rounded to the third decimal place and bond
angles to the first, in keeping with the typical precision of experimentally
determined values. As the values of the individual C—C bond lengths in the
phenyl ring are very similar, only the mean value and the corresponding
standard uncertainties are given.

O1—C6 1.377 C6—O1—C2 117.5
O1—C2 1.466 C4—O3—C2 118.2
O3—C4 1.384 C10—N1—C9 125.8
O3—C2 1.462 N1—C10—C15 122.6
O4—C4 1.249 N1—C10—C11 117.5
O6—C6 1.255 N1—C9—C5 125.5
N1—C10 1.411 O3—C4—C5 116.4
N1—C9 1.326 O3—C4—O4 117.6
C5—C9 1.392 O4—C4—C5 125.9
C4—C5 1.448 O1—C6—C5 117.6
C5—C6 1.438 O1—C6—O6 117.6
C2—C7 1.513 O6—C6—C5 124.8
C2—C8 1.507 O1—C2—C7 109.9
N1—H1 1.040 O1—C2—C8 105.9
C—H (all) 1.090 O3—C2—C8 106.5

O3—C2—C7 110.2
hC—Ci phenyl 1.395 (3) O1—C2—O3 109.9
C11—C10—N1—C9 166.4
C10—N1—C9—C5 179.8

Figure 3
Distribution of the relative errors, �d/d (where �d = d � dref), of the
bond distances between non-H atoms for all the refinements displayed as
a box-and-whisker plot. In this type of plot boxes cover the data between
the lower and upper quartiles with a median value lying between them.
Whisker indicates the lower and upper extremes of the distribution,
outliers are marked separately. For the reference values the distances
obtained by the optimization of molecular geometry were used. From left
to right: three boxes for X/U Rietveld refinements are separated from the
results of X + U refinements by the box corresponding to energy
minimization in the solid state (E). Diamonds in the W50(X + U) case
indicate outliers.

2 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: AV5081). Services for accessing these data are described
at the back of the journal.



shortening of the N1—C9, C4—C5 and C5—C6 bonds. For

comparison, NBO analysis for a similar compound having

sulfur in place of nitrogen, 2,2-dimethyl-5-(phenylthiomethyl-

ene)-1,3-dioxane-4,6-dione (Blake, McNab & Morrow, 1994),

was calculated at the same level of theory. The analysis

revealed an electron-density distribution similar to that in (I),

the main difference being the higher bond order (1.625) of the

C7—C5 bond compared with 1.433 found for its structural

counterpart in (I), C5—C9. The larger value is explained by

the greater involvement of one of the two lone pairs of the S

atom to electron delocalization.

The molecule of (I) is essentially planar, torsion angles �1

and �2 being � 166 and � 180�, respectively. The rotational

barrier about the C5—C9 bond was found to be

� 188.41 kJ mol�1 by a stepwise rotation of the MA moiety,

i.e. by variation of the C6—C5—C9—N1 torsion angle

followed by molecular single-point energy calculations in

vacuo. The influence of the intermolecular hydrogen bond on

the planarity of (I) was estimated using a simple computa-

tional model, where the environment of (I) was modelled by

the MA moiety of the neighbouring molecule of (I) forming an

N1—H1� � �O6i hydrogen bond (Fig. 4). This hydrogen bond

further stabilizes the planarity of (I) by an additional

� 18.84 kJ mol�1. The largest deviation from the best plane fit

to all the C atoms of the phenyl ring is negligible, 0.007 Å

(C10). The C2 and C5 atoms positioned above the best plane

defined for the MA moiety (by O1, O3, C4 and C6 atoms) for

0.084 and 0.550 Å clearly portray its one-side flattened boat

conformation.

Geometrical analysis of the MA moieties appearing in the

structures of MA derivatives listed in x1 revealed conforma-

tions close to that in (I). The only exception was the structure

of diethyl-2,2-dimethyl-4,6-dioxo-1,3-dioxane-5,5-diacetate

(Jiang et al., 1993), where the MA moiety was reported to be

planar. We confirmed this conformation by a molecular

geometry optimization at the B3LYP level of theory. In the

context of other structures there is not, however, any rational

explanation for MA being completely planar. To analyze the

conformational behaviour of the MA moiety in (I) another

series of molecular calculations was carried out with the aim of

looking for configurations which could be energetically closer

to that found by structure solution, but with the MA moiety

having a different shape. Starting molecular models were

prepared by changing the initial value of the C2—O1—C6—

C5 torsional angle from a half-chair to a boat conformation.

After geometry optimizations this angle was found in all cases

to be close to �19� [cf. to �21� in the structure of (I)] and the

differences in the individual total energies were negligible.
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Figure 5
View of the crystal structure of (I) along c showing the formation of C—
H� � �O contacts between dimers. The hydrogen bonds within the dimers
are omitted for the sake of clarity.

Figure 4
Part of the structure showing the formation of a dimer. Dashed lines
represent hydrogen bonds. Symmetry codes: (i) �x;�y; 1� z; (ii)
1� x;�y;�z; (iii) �x; 1� y;�z.

Table 5
Hydrogen-bonding parameters (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

N1—H1� � �O6 1.04 1.95 2.727 129
N1—H1� � �O6i 1.04 2.45 3.388 150
C11—H11� � �O1i 1.09 2.43 3.382 145
C11—H11� � �O6i 1.09 2.30 3.314 154
C14—H14� � �O4ii 1.09 2.23 3.246 154
C7—H72� � �O4iii 1.10 2.36 3.452 173

Symmetry codes: (i) �x;�y; 1� z; (ii) 1� x;�y;�z; (iii) �x; 1� y;�z.



Molecules of (I) are arranged in an antiparallel fashion to

dimers. In addition to long-range electrostatic forces [the

dipole moment of (I) is 2.9 D], molecules in dimers are held by

bifurcated N—H� � �O and C—H� � �O hydrogen bonds (Fig. 4).

The hydrogen-bond array is completed by C14—H14� � �O4ii

and C7—H72� � �O4iii weak contacts linking dimer units. The

geometric parameters of all the C—H� � �O bonds fall into the

ranges expected for this type of bond: d(H� � �O) = 2.1–2.5 and

d(C� � �O) = 3.1–3.5 Å (Castellano, 2004). The values of the

almost linear C—H� � �O bond angles point to the prevalence

of the electrostatic rather than the van der Waals contribution

to the total bond energy (Steiner & Desiraju, 1998; Gatti et al.,

2002). A perspective view of these interactions is depicted in

Fig. 5. A comparison of d(H� � �A) distances in the N—H� � �O

hydrogen bonds (Table 5) shows that intramolecular

d(H1� � �O6) is significantly shorter than intermolecular

d(H1� � �O6i). This difference is in accordance with the results

of the survey of N—H� � �O C bonds (Taylor et al., 1984).

Similar dimers are formed for instance in two N-aminoazo-

lylmethylene derivatives of MA (Blake, Gould, Irving, McNab

& Morrow, 1994). While the reported intramolecular

d(N� � �O) distances of 2.746 (5) and 2.710 (3) Å agree well

with the N1� � �O6 contact distance in (I), the intermolecular

N� � �O distances of 2.917 (5) and 2.902 (3) Å are significantly

shorter than the N1� � �O6i contact distance.

6. Conclusion

Solid-state DFT methods could provide a good alternative to

infrequently used rigid-body powder refinement, whose usage

in daily practice is limited by factors such as an unfriendly

implementation or the limited radius of convergence

compared with a ‘standard’ refinement. The main disadvan-

tage of the structure refinement by energy minimization,

although highly disputable, is that a calculation may take

hours or days depending on the method and/or computer

speed, compared with seconds or minutes for the Rietveld

refinement. However, if several structures are not to be solved

and refined per day, the length of calculation is far from being

critical.
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Acta Cryst. C60, o252–o254.

Krapivin, G. D., Zavodnik, V. E., Valter, N. I., Belsky, V. K. &
Kulnevich, V. G. (1989). Khim. Geterotsikl. Soed. 9, 1201–1207 (in
Russian).

Kresse, G. & Furthmüller, J. (1996). Comput. Mater. Sci. 6, 15–50.
Kresse, G. & Hafner, J. (1993). Phys. Rev. B, 47, 558–561.
Kresse, G. & Hafner, J. (1994a). Phys. Rev. B, 49, 14251–14269.
Kresse, G. & Hafner, J. (1994b). J. Phys. Condens. Matter, 6, 8245–

8527.
Kresse, G. & Joubert, D. (1999). Phys. Rev. B, 59, 1758–1775.
Larson, A. C. & Von Dreele, R. B. (2000). GSAS, Report LAUR 86–

748. Los Alamos National Laboratory, New Mexico, USA.
Lee, I., Han, I. S., Kim, Ch. K. & Lee, H. W. (2003). Bull. Korean

Chem. Soc. 24, 1141–1149.
McNab, H. (1978). Chem. Soc. Rev. 7, 345–358.
Meldrum, A. N. (1908). J. Chem. Soc. 93, 598–601.
Milata, V., Claramunt, R. M., Elguero, J. & Zálupský, P. (2000).
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