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United Kingdom The crystal structure of the stable form of vitamin B2 or riboflavin (C;7H,,N4O)

was solved using high-resolution powder X-ray diffraction (PXRD). The high-
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resolution PXRD pattern of riboflavin was recorded at room temperature at the

riboflavin; Monte Carlo simulated annealing;

computational energy minimization; API; European Synchrotron Radiation Facility (Grenoble, France). The starting
synchrotron. structural model was generated using a Monte Carlo simulated annealing

method. The final structure was obtained through Rietveld refinement. The
CCDC reference: 2122541 positions of the H atoms belonging to hydroxy groups were estimated from

computational energy minimizations. The symmetry is orthorhombic with the
space group P2,2,2; and the following lattice parameters: a = 20.01308, b =
15.07337 and ¢ = 5.31565 A.

Supporting information: this article has

supporting information at journals.iucr.org/c

1. Introduction

Many drugs are characterized by poor solubility in water and
body fluids which can strongly limit their therapeutic perfor-
mance. Increasing the solubility of poorly soluble drugs is thus
a frequently encountered major challenge in the development
of pharmaceuticals. This goal can be achieved, for instance, by
formulating the drug in a high energetic physical state, such as
a metastable polymorphic form or an amorphous state (Saifee
et al., 2010; Mahieu et al., 2013). However, such a manipulation
of the physical state should be based on a good knowledge of
both the potential polymorphism and the phase diagram of the
drug. Milling the crystal can also strongly improve both the
solubility and the dissolution rate of a drug. This is due to the
reduction of the size of the crystallite (Zimper et al., 2010a;
Chu et al., 2012) and, in some cases, to the formation of some
structural disorder that can lead to partial or total amorphi-
zation of the sample (Willart & Descamps, 2008; Bordet et al.,
2016; Zimper et al., 2010b). For these reasons, it is important to
control both the structure and the microstructure of crystalline
powders during milling processes (Blagden et al., 2007). This
can be achieved by powder X-ray diffraction, provided that
the crystalline structure of the material is known (Willart ez al.,
2005; Martinetto et al., 2017).

Riboflavin {systematic name: 7,8-dimethyl-10-[(2R,3R 4S)-
2,3,4,5-tetrahydroxypentyl]benzo[g]pteridine-2,4(3H,10H)-di-
one, C;H,oN,4Og} (Fig. 1), commonly known as vitamin B2, is
a photosensitive vitamin widely used in parenteral nutrition
(de Farias et al, 2018). This vitamin is characterized by a
limited solubility in water (i.e. 100-130 mg 1~" at 25°C; Furia,
1972). Its formulation in a high-energy state would strongly
improve this situation, but, up to now, little is known about the
polymorphism of this compound. Besides the stable crystalline
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form, two metastable polymorphs have been mentioned in the
literature without any deep physical characterization (Dale,
1952; Means et al., 1943). In particular, their crystalline
structures are totally unknown. The stable crystalline form of
riboflavin was more deeply characterized by thermogravi-
metric analysis (TGA), differential scanning calorimetry
(DSC) and X-ray diffraction (Ferreira et al., 2019), but its
crystalline structure remains currently unknown. This assess-
ment was verified by coupling the search/match functionalities
of the Highscore software with the Cambridge Structural
Database (CSD; Groom et al., 2016), the Crystallographic
Open Database (COD; http://www.crystallography.net/cod/)
and the PDF-2 database of the International Center for
Diffraction Data (ICDD; https://www.icdd.com/). From this
thorough research, only two cocrystals formed with riboflavin
were identified, namely, adenine-riboflavin trihydrate (CSD
refcode: ADRBFT10; Fujii et al, 1977) and the complex
riboflavin—5'-bromo-5'-deoxyadenosine trihydrate (CSD ref-
code: RIBBAD; Voet & Rich, 1971).

CH,
CH,
N OH  OH
HN\H/N

o

O [

H

Riboflavin

The present article aims to resolve the structure of the
stable crystalline form of riboflavin. The structure was solved
ab initio from synchrotron high-resolution powder X-ray
diffraction using a direct-space approach (simulated anneal-
ing), followed by application of the Rietveld method.

Since H atoms are light, they are notoriously difficult to
detect using X-ray diffraction methods. While the position of
some H atoms can be inferred based on simple geometrical
arguments, an exact knowledge of the atomic positions of the
H atoms belonging to hydroxy groups (-OH) remains a major
challenge. In the present study, the positions of such H atoms
were thus estimated using a three-step numerical approach
combining: (i) the generation of structurally reasonable
possible hydroxy H-atom positions based on the positions of
the acceptor and donor atoms (oxygen and nitrogen) in the
structure, (ii) fast energy minimizations of all the generated
possible structures using a simple classical force field (Wang et
al., 2004) in order to rapidly select the energetically more
favourable ones with a long-range hydrogen-bonding network
and (iii) further energy minimizations using periodic density
functional theory (DFT) with fixed-cell dispersion-corrected
density functional theory (DFT-D) (Giannozzi et al., 2009,
2017), which are more accurate but more computationally
demanding.

2. Experimental
2.1. Riboflavin

Riboflavin (purity 98%), with a molecular weight of
376.36 g mol ', was purchased from ACROS Organics (Geel,
Belgium) and the material was used without further purifica-
tion. This active pharmaceutical ingredient (API) is an
orange-yellow crystalline powder with a yeast-like odour and
a bitter taste (Al-Shammary et al., 1990).

2.2. Data collection

High-resolution powder X-ray diffraction data were
collected at the high-resolution powder diffraction beamline
ID22 of the European Synchrotron Radiation Facility (ESREF,
Grenoble, France). The beamline was equipped with a 2D
Eiger2 2M-W CdTe detector, preceded by nine Si 111 analyzer
crystals (Dejoie et al., 2018) mounted on the 20 arm. Data were
collected at room temperature at a wavelength of 0.354196 A
(~35 keV). An Si NIST 640c sample was used for calibration.
The crystal powder was enclosed in a glass capillary (diameter
1 mm) and mounted on the diffractometer. In order to cope
with radiation damage, 75 patterns were collected at a speed of
8° min~' over 20° (20) along the capillary. The pattern
resulting from the average of the 75 patterns was used for
structure solution and refinement.

3. Structure solution and refinement

For the determination of the lattice parameters, the profiles of
20 reflections with a 20 angle lower than 12° were refined
individually with the program DASH (David et al., 2006) in
order to obtain their 26 angular positions. The 26 values of
these reflections were computed with the program DICVOL
(Boultif & Louér, 2004) and these reflections were indexed.
This method was repeated over 20 times, each time on
different sets of peaks. An orthorhombic cell was system-
atically found. It provided the higher figure of merit with the
following parameters: a = 20.015 £ 0.001, b = 15.074 £ 0.001,
¢ = 5316 £0.001 A and V = 1604 £ 0.2 A>. The calculated
figures of merit are M(20) = 340 and F(20) = 2007 (de Wolff et
al., 1968; Smith & Snyder, 1979).

For the determination of the space group, the DASH
probabilistic approach (Markvardsen et al., 2008), based on
the systematic absences of the Bragg peaks, was used. Eight
individual peaks distributed over the whole 26 range of the
pattern were fitted to determine the peak-shape parameters,
then the background, unit-cell and zero-point parameters
were refined, and the more probable space group was calcu-
lated using Pawley refinement (Pawley, 1981). This method
was repeated over ten times, each time on different sets of
peaks. This led systematically to the space group P2,2,2,,
which is the most probable space group for an orthorhombic
cell according to the Cambridge Structural Database (CSD),
with the cell containing four molecules.

Using the space group P2,2,2; and the unit-cell parameters
obtained previously, the X-ray diffraction pattern was refined
using Pawley fitting (Pawley, 1981) with the program DASH.

Acta Cryst. (2021). C77, 800-806
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Table 1

Crystallographic data, profile and structural parameters for riboflavin
obtained after Rietveld refinement.

Crystal data

Chemical formula

Mr

Cell setting, space group
Temperature (K)

a,b,c (A)

V(A%

Z

F(000)

p (mm~)

Specimen shape, size (mm)
20 range (°)

Data collection
Beamline

Specimen mounting
Data collection mode
Scan method

C17H20N,4O¢

376.37

Orthorhombic, P2,2,2,

293

20.01308 (15), 15.07337 (12),
5.31565 (4)

1603.54 (2)

4

792

0.04

Cylinder, 1

0-12

ID22 (ESRF)

1 mm diameter glass capillary
Transmission

Continuous scan

Radiation type Synchrotron 35 KeV, A =
0.354196 A

Binning size (°26) 0.001

Refinement
R factors and goodness-of-fit R =0.0837, Ryp = 0.1125, Reyp, =

0.0355

The refinement was performed from 26 = 1.5-12°. Again, eight
individual peaks distributed over the whole 26 range of the
pattern were fitted to determine the peak-shape parameters. A
five-term polynomial representing the background, the
reflection intensities, the unit-cell parameters, the zero point
and the peak shape were refined. This led to an excellent
correlation between the experimental diagram and the Pawley
fitting to the profile, with x* = 1.92. This result was used for the
structure solution.

In order to determine a structural model, the simulated
annealing algorithm of the program DASH was used. The
starting configuration of the riboflavin molecule was borrowed
from a computed model deposited in PubChem (PubChem
CID = 493570; https://pubchem.ncbi.nlm.nih.gov/). The Mer-
cury software was used to confirm that the computed molecule
corresponded well to the 2D model of riboflavin (Macrae et al.,
2020). The molecule was introduced randomly in the cell. The
restraint options used for the calculations did not modify the
bond lengths and angles. The translation and orientation
parameters of the molecule in the cell, as well as the torsion
angles (Cl11—C12—N7—-C15, O1—Cl11—-C12—N7, 02—
C13—C11—C12,03—C14—C13—C11 and O4—C20—C14—
C13; Fig. 1) were defined as variables in the calculation. The
maximum number of simulated annealing moves per run was
fixed at 10 000 000. Ten runs were performed and led each
time to the same solution with a profile factor x* close to 17.5.
The position and orientation of the molecule, as well as all the
torsion angles, are exactly the same for the nine structures
obtained. As a result, this structure was used for the Rietveld
refinement.

From this structural model, rigid-body Rietveld refinement
was performed using DASH. The refinement was performed in
three steps: first, the global isotropic displacement parameter,

second, the translation and orientation parameters of the
molecule, and third, the five torsion angles.

At this step, new previously fixed parameters were refined.
The C15—N7—-C12, C16—N7—C12, N7—C12—Cl11, C12—
Cl1-C13, C11—-C13—-C14, C13—C14—C20, C14—C20—
04, C13—C14—03, 02—C13—-C14, C12—-C11-01, C22—
C23—-C26, C21—-C23—-C26, C23—C21—-C25, C18—C21—
C25, C19—C24—05, N10—C24—05, N10—C27—06 and
N9—C27—06 angles were refined, while the others were
fixed, due to the geometry of the molecule (Fig. 1). The C23—
C26, C21—-C25, N7—C12, C12—C11, C11—-C13, C13—C14,
C14—C20,C20—04,C13—-02, C14—03, C11—-01, C24—05
and C27—06 bonds were then refined. The other bonds were
fixed to keep the isoalloxazine ring of the molecule planar.
These refinements led to a decrease in the x* value, which
dropped to 8.99.

The position of the four H atoms belonging to the hydroxy
groups (-OH) in riboflavine have been determined using a
three-step numerical approach. First, some structurally rea-
sonable possible positions of the four hydroxy H atoms were
generated based on: (i) the positions of the acceptor and
donor heavy atoms (oxygen and nitrogen) in the structure
determined from X-ray diffraction and (ii) the use of simple
geometric criteria to define hydrogen bonds. In this investi-
gation, two molecules are considered to be hydrogen bonded
if (i) the nitrogen-oxygen or oxygen—oxygen distance is less
than 3.4 A and (ii) the N—H---O or O—H- - -O angle is larger
than 150°. This criterion is in some way arbitrary but it has
been used successfully in many simulations and allows a wide
variety of hydrogen bonds, including more deformed and
weaker hydrogen bonds, to be taken into account in the
statistics (Lerbret et al., 2005; Ottou Abe et al., 2018).

Second, all the possible generated structures were then
minimized using a classical force field in order to rapidly
exclude the highest energy structures and/or structures with
no obvious long-range hydrogen-bonding organization. These

Figure 1
The molecular structure of riboflavin. Colour key: C atoms are in black. N
atoms blue, O atoms red and H atoms white.

802 Guerain etal. - Riboflavin by synchrotron high-resolution PXRD
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energy minimizations were performed using the DL_POLY
package (Smith et al., 2009) and the Generalized Amber Force
Field (GAFF) (Wang et al., 2004). Thirdly, the lowest energy
structures possible having a clear long-range hydrogen-
bonding organization were further minimized using periodic
density functional theory with fixed-cell dispersion-corrected
density functional theory (DFT-D) (Giannozzi et al., 2009,
2017). The Perdew-Burke-Ernzerhof (PBE) functional was
used with projector-augmented wave pseudopotentials and
the Grimme D3 correction, as implemented in the pwx
executable of the Quantum Espresso program (Giannozzi et
al., 2009, 2017).

Atomic coordinates found by DFT -calculations were
introduced in the programs JANA2020 (PettiCek et al., 2014)
and MAUD (Materials Analysis Using Diffraction; Lutterotti,
2010) to check the Rietveld refinements and especially to
generate the most accurate and complete CIF possible
(JANA2020), and to graphically compare the calculated and
experimental X-ray diffraction diagrams (MAUD).

At the end of the refinements performed with JANAZ2020,
the lattice parameters were a = 20.01308 (15), b =
15.07337 (12), ¢ = 5.31565 (4) A and V = 1603.54 (2) A>. The
final conventional Rietveld factors were R = 0.083, Ry, =
0.1125 and R.y, = 0.0355. Such factors reflect a good corre-
lation between the observed and simulated X-ray diffraction
diagram, as shown in Fig. 2. Crystallographic data, profile and
structural parameters are given in Table 1. The final CIF was
generated by the JANA2020 software.

4. Discussion

To our knowledge, there are only three molecular structures
which can be compared to the riboflavin structure obtained
here: the computed starting molecule of riboflavin from
PubChem, and the trihydrates and complexes formed in

1000~

Intensity' [Count'?]

association with riboflavin, namely, riboflavin-5-bromo-5'-
deoxyadenosine trihydrate (CSD refcode: RIBBAD; Voet &
Rich, 1971) and adenine-riboflavin trihydrate (CSD refcode:
ADRBFT10; Fujii et al., 1977).

The geometry of the riboflavin molecule finally obtained in
this work was compared with that of the riboflavin molecules
used for complex trihydrate association and the computed
riboflavin molecule. The different bonds, angles and torsion
angles kept free in the refinement are summarized in Table 2.

Differences in the bonds and angles are observed between
all the molecules of riboflavin. However, the geometry of the
final molecule obtained in the present work seems closer to
that of the calculated molecule than to the molecules obtained
for the different trihydrates. In particular, the C23—C26 and
C21—C25 bonds are longer in the complexes (1.568 and
1.597 A compared to 1.492 A for C23—C26, and 1.671 and
1.622 A compared to 1.493 A for C21—C25). Other important
differences concern the C11—C13, C20—04, C13—02 and
C14—0O3 bonds associated with the N7—C12—C11, C14—
C20—04 and C12—C11—01 angles, where the geometries of
all the molecules are very different. For example, C20—0O4 is
1.41 A for this work and the computed molecule, and 1.439 A
for RIBBAD compared to 1.667 A for ADRBFTI10. The
C14—C20—04 angle ranges between 105.71 and 120.05°
depending on the structure. Noticeable differences are also
observed for all the torsion angles between the four molecules,
especially for C11—C12—N7—C15 and O3—C14—C13—C2.
For the 0O2—C13—Cl11—CI12 and 0O4—C20—C14—C23
torsion angles, similar values were found for the computed
riboflavin, the riboflavin from our work and the RIBBAD
structure. However, very different values were found (178°
compared to 60°, and 40° compared to 175° approximately)
for the ADRBFTI10 structure. For the torsion angle O1—
C11—C12—N7, the value for the ADRBFT10 structure is also
much greater than the values obtained for the three other

Ribofiavin 1 I 1 I 1"

1

Frr e rrerm it e e COennr wmmen ur v wi vomm v s cimn o mann wunimnwn i (o g

#WMMMAL&WMWM

50
Figure 2

1
100

2-Theta [degrees]

The final Rietveld plot of riboflavin at room temperature between 1 and 12° (MAUD software). The observed intensities are indicated by dots and solid
lines represent the best-fit profile (upper trace) and the difference pattern (lower trace). The vertical bars correspond to the positions of the Bragg peaks.
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Table 2

Comparison of the bonds, angles and torsion angles between riboflavin
obtained in this work, adenine-riboflavin trihydrate (ADRBFT10) and
the complex riboflavin—5'-bromo-5'-deoxyadenosine trihydrate (RIBBAD).

Riboflavin This work  Computed RIBBAD ADRBFT10
Bonds

C23—-C26 1.492 1.4929 1.568 1.597
C21—-C25 1.493 1.4940 1.671 1.622
N7—-C12 1.462 1.4621 1.439 1.546
Cl12—C11 1.532 1.5332 1.523 1.554
Cl1-C13 1.541 1.5416 1.476 1.614
C13—Cl14 1.540 1.5405 1.636 1.569
C14—C20 1.527 1.5281 1.487 1.612
C20—04 1.410 1.4241 1.439 1.667
C13—-02 1.426 1.4270 1.316 1.478
C14—03 1.428 1.4290 1.355 1.621
Cl11-01 1.428 1.4283 1.419 1.551
C24—05 1.218 1.2189 1.168 1.203
C27—06 1.232 1.2331 1214 1231
Angles

CI5—N7—-C12 127.03 118.14 127.11 121.40
Cl16—N7—-C12 113.33 121.71 119.40 118.02
N7—C12—C11 97.55 110.02 116.53 105.85
Cl12—C11—-C13 107.65 112.64 114.89 108.25
Cl1-C13—C14 117.62 113.03 109.62 114.36
C13—C14—C20 119.05 112.36 112.22 114.15
Cl14—C20—04 109.94 108.78 120.05 105.71
C13—C14—03 108.19 109.07 105.53 100.50
02—-C13—-C14 113.71 108.65 110.84 100.50
Cl12—C11-01 137.07 108.56 107.15 108.71
C22—C23—-C26 125.71 119.24 114.12 120.97
C21—-C23—C26 114.69 121.18 113.89 121.95
C23—-C21—-C25 120.91 120.91 130.30 119.46
C18—C21—-C25 119.00 119.01 103.91 117.55
C19—-C24—05 125.06 120.61 125.12 120.79
N10—C24—05 123.07 127.52 123.51 124.93
N10—C27—06 124.57 119.22 121.15 109.51
N9—C27—06 115.83 121.17 121.14 127.18
Torsion angles

Cl1—C12—N7—-C15  90.66 —90 88.38 99.45
O1—Cl11—-CI12—N7  —49.93 —58.65 —54.54 —74.90
02—-C13—-C11-C12 614 —58.35 —53.16 178.73
03—-C14—C13—-C11 5547 178.94 —49.04 —73.09
04—C20—C14—C13 —161.74 —178.54 —172.38 40

structures. Such differences are explained by the mobility of
the N7—C12—C11—C13—C14—C20 part of the molecules,
which can move in function of the molecular environment in
the cell. This leads obviously to different hydrogen bonds and
crystallographic structure for riboflavin, RIBBAD and
ADRBFT10.

The lattice parameters of riboflavin, RIBBAD and ADR-
BFT10 are given in Table 3. Riboflavin and RIBBAD are
orthorhombic with P2,2,2; symmetry for both, while ADR-
BFT10 is monoclinic with P2; symmetry. Both trihydrates
have small lattice parameters in two directions (close to 7 and

Table 3

Figure 3
Visualization of the hydrogen-bond network. Generic atom labels
without symmetry codes have been used.

Figure 4
Projection of the unit cell of riboflavin along the [001] direction.

8 A for a and b) and a larger lattice parameter greater than
37 A for the ¢ direction. In contrast, the crystallographic unit
cell obtained here for pure riboflavin has one small parameter
(closeto 5 A) and two large parameters (close to 15 and 20 A).

From our calculations, we show that the riboflavin mol-
ecules are connected to each other by a network of hydrogen
bonds involving N—H---O (N10—H46. - -O2"; Table 4) and
O—H---O0 (O1—H37---06', 03—H39..-01", 02—H38---
04" and O4—H47---05"; Table 4) bonds (Fig. 3). Molecules
are stacked along the b axis, with a mirror inversion between
each molecule and along the a axis with a mirror inversion

Comparison of the lattice parameters (/—0\, °) between riboflavin obtained in this work, adenine-riboflavin trihydrate (ADRBFT10) and the complex

riboflavin—5"-bromo-5’'-deoxyadenosine trihydrate (RIBBAD).

Structure a b c B \4 (Ag) Symmetry Reference
Riboflavin 20.01308 15.07337 5.31565 90 1603.54 Orthorombic P2,2,2, This work
RIBBAD 7.773 8.628 47.934 90 3214.71 Orthorombic P2,2,2, Voet & Rich (1971)
ADRBFT10 8.53 7.88 37.82 97.83 2518.42 Monoclinic P2; Fujii et al. (1977)
804 Guerain et al. - Riboflavin by synchrotron high-resolution PXRD Acta Cryst. (2021). C77, 800-806
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Figure 5
View of the unit cell of riboflavin.

from one molecule to another (see Fig. 4). The molecules form
a columnar structure along the c axis (see Fig. 5).

Also, although the RIBBAD structure has the same
orthorhombic symmetry and space group as pure riboflavin,

Table 4 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A D---A D—H---A
O1—H37---06' 0.99 2.00 2.9792 171.27
O1—H37---N9' 0.99 223 2.8953 123.63
O1—H37---C27* 0.99 248 3.4010 155.65
0O2—H38: --04' 1.00 1.98 2.9534 165.41
03—H39.--01% 1.00 1.70 2.6718 163.30
04—H47.--05" 1.00 1.95 2.8795 153.19
N10—H46. - -02" 1.02 1.91 2.9070 166.80

Symmetry codes: (i) x,y,z+1; (i) x,y,z—1; (i) —x,y+i—-z-% (v)

1 1
—Xy-—3-i—h

the lattice parameters of the two structures are very different.
This is due to the insertion of water and bromo-5'-deoxy-
adenosine molecules between the riboflavin molecules in the
crystal lattice of RIBBAD (Fig. 6). Indeed, in the RIBBAD
crystal structure, the two planar rings are joined by two
hydrogen bonds (Voet & Rich, 1971). The adenine amino
group and the imidazole N atom are involved in hydrogen
bonding, and the adenine ring is found to be joined by two
hydrogen bonds to the riboflavin isoalloxazine ring. These are
bonded to riboflavin isoalloxazine atoms O6 and N10. In
addition, the riboflavin and adenosine molecules form an
infinite stack of alternating parallel adenine and isoalloxazine
rings that is parallel to the a axis (Voet & Rich, 1971). Ribo-
flavin molecules are also stacked along the ¢ axis, with a mirror
projection from one molecule to another and the insertion of
bromo-5'-deoxyadenosine molecules between them, leading
to a larger c-axis value (Fig. 6). This complex structure leads to

Figure 6

View of the unit cell of the complex riboflavin—5'-bromo-5'-deoxyadenosine trihydrate (RIBBAD; Voet & Rich, 1971). Br atoms are shown in orange.

Figure 7

View of the unit cell of adenine-riboflavin trihydrate (ADRBFT10; Fujii et al., 1977).
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a very large ¢ parameter of 47.934 A, compared to a =
20.013 A for the largest unit-cell parameter in the case of pure
riboflavin.

For the ADRBFT10 structure, each riboflavin molecule is
associated with a particular adenine molecule via two hydro-
gen bonds, one involving riboflavin atom O6 and the other
involving riboflavin atom N9 (Fujii ef al., 1977). Due to the
insertion of the molecules of adenine and water in the struc-
ture, the adenine and isoalloxazine rings of riboflavin in each
complex molecule interact with each other to form an infinite
alternating stacking arrangement (Fig. 7). The molecules are
stacked along the c¢ axis, with a mirror projection from one
molecule to another. This leads to four riboflavin and four
adenine molecules in the unit cell. A monoclinic structure is
obtained with a ¢ parameter of 37.82 A, which is much longer
than the longest parameter of the pure compound.

The mirror projection of the riboflavin molecules relative to
each other appears to be common for the three crystal-
lographic structures containing this molecule. Compared to
pure riboflavin, the trihydrates have a more complex unit cell
due to either the size or the arrangement of the molecules of
the other compound present in the cell with riboflavin.
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Computing details

\ 7,8-Dimethyl-10-[(2R,3R,4S)-2,3,4,5-tetrahydroxypentyl]\ benzo[glpteridine-2,4(3H,10H)-dione

Crystal data

CosHgoN16024 V=1603.54 (2) A>

M, =1505.5 zZ=1

Orthorhombic, P2,2,2, F(000) =792

Hall symbol: P 2xab;2ybc;2zac D,=1.559 Mg m™

a=20.01308 (15) A Synchrotron radiation

b=15.07337(12) A T=293K

c=5.31565(4) A orange

Data collection

Synchrotron 26min = 1.5°, 26max = 12°, 205, = 0.001°
diffractometer

Refinement

R,=0.084 0 restraints

Ryp=0.113 0 constraints

Rex, =0.036 H-atom parameters constrained

R(F)=10.125 Weighting scheme based on measured s.u.'s

10501 data points (A/O)max = 0.042

Profile function: Pseudo-Voigt Background function: 8 Legendre polynoms

18 parameters Preferred orientation correction: none

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (42)

X y z Uiso®/Ueq
(0] 0.08278 0.02019 0.34375 0.0422%*
02 0.14877 0.17673 0.1441 0.0422%*
03 0.1782 0.00367 —0.30786 0.0422%*
04 0.2585 0.15191 -0.4911 0.0422%*
05 —0.18857 —0.1883 —0.14607 0.0422%*
06 -0.00119 —0.14281 —0.63307 0.0422%*
N7 —0.0342 0.05621 0.01071 0.0422%*
N8 -0.15114 —0.04125 0.12809 0.0422%*
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N9 —0.01887 —0.04842 —0.32105 0.0422*
N10 —0.09618 —0.16737 —0.39024 0.0422*
Cl1 0.07628 0.04441 0.08517 0.0422*
C12 0.02745 0.09824 —0.07628 0.0422*
C13 0.1459 0.08712 0.0583 0.0422*
Cl14 0.17662 0.09153 —-0.20707 0.0422*
C15 —0.07468 0.08311 0.21446 0.0422*
Cl6 —0.05221 -0.01772 —0.13003 0.0422*
C17 —0.13261 0.03352 0.26915 0.0422*
C18 —0.06043 0.15703 0.36703 0.0422*
C19 —-0.115 —0.06582 —0.05558 0.0422*
C20 0.24751 0.12748 —0.23832 0.0422*
C21 —-0.10212 0.18092 0.56672 0.0422*
C22 —0.17413 0.05808 0.47014 0.0422*
C23 —0.15899 0.13144 0.61835 0.0422*
C24 —0.13836 —0.14599 —0.19538 0.0422*
C25 —0.08446 0.26007 0.72221 0.0422*
C26 —0.19914 0.16405 0.83614 0.0422*
C27 —0.03807 —0.12201 —0.4569 0.0422*
H28 0.0753 —0.02438 0.01942 0.0844*
H30 0.0256 0.16899 —0.02712 0.0844*
H29 0.03236 0.09849 —-0.28129 0.0844*
H31 0.18212 0.05117 0.17488 0.0844*
H32 0.14479 0.13134 —-0.33112 0.0844*
H33 —0.01711 0.19856 0.3321 0.0844*
H34 0.25377 0.19418 -0.16174 0.0844*
H35 0.28442 0.08334 —0.15236 0.0844*
H36 —0.21862 0.01891 0.5092 0.0844*
H37 0.05569 —0.03376 0.37017 0.0844*
H38 0.1827 0.17751 0.28129 0.0844*
H39 0.14921 0.00731 —0.46058 0.0844*
H40 —0.03823 0.29162 0.65755 0.0844*
H41 —0.12394 0.31018 0.7116 0.0844*
H42 —-0.0767 0.241 0.91873 0.0844*
H43 —0.24335 0.12276 0.86886 0.0844*
H44 —0.16945 0.16268 1.00905 0.0844*
H45 —0.21685 0.23171 0.80197 0.0844*
H46 —0.10838 —0.22121 —0.49571 0.0844*
H47 0.24692 0.21388 —0.49935 0.0844*

Geometric parameters (4, )

01—Cl1 1.4281 (1) C13—Cl4 1.5402 (1)
01—H37 0.9874 (1) C13—H31 1.0969
02—Cl13 1.4268 (1) C14—C20 1.5278 (1)
02—H38 0.9965 Cl4—H32 1.0958
03—Cl4 1.4290 (1) C15—C17 1.4097 (1)
03—H39 0.9993 (1) C15—CI18 1.4073 (1)
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04—C20
04—H47
05—C24
06—C27
N7—C12
N7—C15
N7—Cl16
N8§—C17
N§—C19
N9—Cl16
N9—C27
N10—C24
N10—C27
N10—H46
Cl11—C12
C11—Cl13
C11—H28
C12—H30
C12—H29

C11—O1—H37
C13—02—H38
C14—03—H39
C20—04—H47
C12—N7—CI15
C12—N7—Cl16
C15—N7—Cl16
C17—N8—C19
C16—N9—C27
C24—N10—C27
C24—N10—H46
C27—N10—H46
O01—C11—C12
01—C11—C13
O1—C11—H28
C12—C11—C13
C12—C11—H28
C13—C11—H28
N7—C12—Cl11
N7—C12—H30
N7—C12—H29
C11—C12—H30
C11—C12—H29
H30—C12—H29
02—C13—C11
02—C13—C14
02—C13—H31
C11—C13—C14

1.4105 (1)
0.9600 (1)
1.2187 (1)
1.2329 (1)
1.4620 (1)
1.4120 (1)
1.3898 (1)
1.4036 (1)
1.2702 (1)
1.3001 (1)
1.3782 (1)
1.3745 (1)
1.3948 (1)
1.0161 (1)
1.5329 (1)
1.5415 (1)
1.0944 (1)
1.0986 (1)
1.0942 (1)

107.3025 (1)
105.8145 (2)
103.9365 (2)
102.1133 (2)
127.0389 (3)
113.3331 (3)
119.6280 (3)
119.6233 (3)
123.5440 (3)
126.0548 (3)
117.0943 (3)
116.8510 (3)
137.0727 (1)
96.5236 (1)
93.8303 (3)
107.6548 (4)
108.1367 (4)
112.4765 (2)
97.5593 (5)
108.4797 (3)
113.0967 (1)
113.7113 (3)
120.1427 (3)
103.6849 (1)
113.7119 (2)
103.6406 (2)
105.0993 (4)
117.6252 (2)

Cl16—C19
C17—C22
C18—C21
C18—H33
C19—C24
C20—H34
C20—H35
C21—C23
C21—C25
C22—C23
C22—H36
C23—C26
C25—H40
C25—H41
C25—H42
C26—H43
C26—H44
C26—H45

N8—C17—C15
N8&—C17—C22
C15—C17—C22
C15—C18—C21
C15—C18—H33
C21—C18—H33
N8—C19—C16
N§—C19—C24
C16—C19—C24
04—C20—C14
04—C20—H34
04—C20—H35
C14—C20—H34
C14—C20—H35
H34—C20—H35
C18—C21—C23
C18—C21—C25
C23—C21—C25
C17—C22—C23
C17—C22—H36
C23—C22—H36
C21—C23—C22
C21—C23—C26
C22—C23—C26
05—C24—N10
05—C24—C19
N10—C24—C19
C21—C25—H40

1.5038 (1)
1.4032 (1)
13973 (1)
1.0854 (1)
1.4937 (1)
1.0919 (1)
1.0941

1.3882 (1)
1.4938 (1)
1.3911 (1)
1.0883 (1)
1.4925 (1)
1.0956 (1)
1.0945 (1)
1.0945 (1)
1.0957 (1)
1.0947 (1)
1.0949 (1)

122.2009 (3)
117.5258 (3)
120.2733 (3)
121.3861 (3)
121.3277 (3)
117.2758 (3)
122.5147 (3)
116.1079 (3)
1213774 (3)
109.94

95.5592 (3)
116.8289 (2)
113.1172 (2)
111.4603 (5)
109.0728 (4)
120.0851 (3)
119.0038 (3)
120.9111 (3)
120.7923 (3)
119.1170 (3)
120.0907 (3)
119.5835 (3)
114.6973 (3)
125.7193 (3)
123.0772 (3)
125.0607 (3)
111.8621 (3)
111.8947 (3)
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C11—C13—H31
C14—C13—H31
03—C14—C13
03—C14—C20
03—C14—H32
C13—C14—C20
C13—C14—H32
C20—C14—H32

109.7952 (4)
105.9598 (4)
108.1930 (2)
105.5103 (2)
107.1440 (4)
119.0501 (1)
110.0430 (4)
106.2713 (4)

C21—C25—H41
C21—C25—H42
H40—C25—H41
H40—C25—H42
H41—C25—H42
C23—C26—H43
C23—C26—H44
C23—C26—H45

110.6007 (4)
110.6036 (4)
107.0916 (5)
107.0733 (2)
109.4413 (1)
111.7659 (3)
110.6617 (5)
110.6332 (3)

N7—C15—C17 118.5391 (3) H43—C26—H44 107.1175 (3)
N7—C15—C18 123.5812 (3) H43—C26—H45 107.1007 (5)
C17—C15—Cl18 117.8797 (3) H44—C26—H45 109.4257 (1)
N7—C16—N9 124.9396 (3) 06—C27—N9 115.8322 (3)
N7—C16—C19 117.4939 (3) 06—C27—N10 124.5726 (3)
N9—C16—C19 117.5665 (3) N9—C27—N10 119.5952 (3)
Hydrogen-bond geometry (4, )

C20—H34--05 1.09 243 3.0789 116.98
C20—H35--03i 1.09 2.37 3.3696 150.58
O1—H37--06' 0.99 2.00 2.9792 171.27
O1—H37--Noi 0.99 2.23 2.8953 123.63
O1—H37---C271 0.99 2.48 3.4010 155.65
02—H38:--04i 1.00 1.98 2.9534 165.41
03—H39--01" 1.00 1.70 2.6718 163.30
04—H47--05! 1.00 1.95 2.8795 153.19
C26—H44--C15f 1.09 2.50 3.4259 142.09
C26—H44--C17i 1.09 2.50 3.3079 129.74
C26—H45--04" 1.09 2.46 3.4320 147.21
N10—H46--02" 1.02 1.91 2.9070 166.80

Symmetry codes: (i) —x, y+1/2, —z—1/2; (ii) —x+1/2, =y, z+1/2; (iii) x, y, z+1; (iv) x, y, z—1; (V) x=1/2, —y+1/2, —z; (vi) —x, y—1/2, —z—1/2.
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