early career research '.)

crvemiiocmame  Crystal structure determination of an Fe'' azo
E COMMUNICATIONS aldehYde Complex [FQ(C14H11N203)2(H20)2] by
MicroED

cta Cryst

<

ISSN 2056-9890

Kazuki Ishikawa,® Fumishi Yoshizawa,® Reon Aihara,® Norihito Funato,”® Daisuke
Nakane,” Takashiro Akitsu,** Takanori Nakane,”* Akihiro Kawamoto®* and Geniji
Kurisu®©

Received 25 February 2026

Accepted 7 May 2026
Y ?Department of Chemistry, Faculty of Science, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-

8601, Japan, bInstitute for Protein Research, The University of Osaka, 3-2 Yamadaoka, Suita, Osaka, 565-0871, Japan,
and JEOL YOKOGUSHI Research Alliance Laboratories, The University of Osaka, 1-3 Yamadaoka, Suita, Osaka, 565-
0871, Japan. *Correspondence e-mail: akitsu2@rs.tus.ac.jp

This article is part of the collection Early Career
Scientists in Structural Science.

Keywords: Fe(ll) complex; azobenzene;

aldehyde; crystal structure; MicroED.

The title compound, diaquabis{2-formyl-6-methoxy-4-[(E)-2-phenyldiazen-1-

yl]Jphenolato-«>0",0%}iron(II), [Fe(Ci4H;;N,05),(H,0),], comprises two bi-

Supporting information: this article has dentate ligands derived from 2-methoxy-4-(phenyldiazenyl)-6-formylphenol

supporting information at journals.iucr.org/e and two coordinated water molecules. The Fe'' center is located at a crystal-
lographic inversion center and adopts an octahedral coordination geometry.
Both azo-phenolate ligands coordinate in a bidentate chelating mode (k*0,0")
through the phenolate oxygen and formyl oxygen atoms in a centrosymmetric
arrangement. The crystal structure was determined at 79 K using the MicroED
method (A = 0.02508 A) The complex crystallizes in the monoclinic space group
P2,/n with Z = 2. The azo groups adopt trans conformations. A Hirshfeld surface
analysis indicates that the most important contributions to the packing are from
H---H (36.8%) and C---H/H- - -C (31.9%) contacts.

CCDC reference: 2552645

1. Chemical context

Vanillin (4-hydroxy-3-methoxybenzaldehyde) and its deriva-
tives are commercially available and biocompatible; because
they possess both phenolic hydroxyl groups and aldehyde
functional groups, they serve as versatile building blocks for
the construction of multidentate ligands (Andruh, 2015). The
methoxy substituent on the aromatic ring influences the
electronic properties through electron-donating effects,
thereby modulating the redox potential and coordination
behaviour of the resulting metal complexes (Yamane et al.,
2017; Soni et al., 2020; Kashiwagi et al., 2019). The synthesis of
azo-Schiff base hybrid ligands combining azo groups with
vanillin-derived moieties represents an intriguing approach
for the development of compounds that unite the coordination
versatility of Schiff bases with the chromophoric properties of
azo functionalities.

In our laboratory, we have been investigating metal
complexes with multifunctional ligands for potential applica-
tions in dye-sensitized solar cells, flame retardants in heat-
stabilized materials, and artificial metalloenzymes (Yamane et
al.,2017; Soni et al., 2020; Kashiwagi et al., 2019). Metal-salen
complexes, particularly those incorporating azo-functionalized
building blocks combined with chiral diamine moieties such as
(1R 2R)-(+)-1,2-diphenylethylenediamine, have attracted
considerable interest due to their potential as asymmetric
Published under a CC BY 4.0 licence catalysts and chiral recognition materials.
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Structural characterization of metal complexes bearing
salicylaldehyde-based ligands remains limited in the literature
(Akitsu et al., 2005a,b; Watanabe et al, 2009). The title
compound, [Fe(C14H;1N,03),(H,0),], is a highly symmetric
complex centred on an Fe'' ion, which was unexpectedly
obtained as a side product of microcrystalline powder during
synthesis. In this report, we describe the crystal structure of
this Fel complex, whose structure was determined using
microcrystal electron diffraction (MicroED).

H
\O H\O’

2. Structural commentary

The complex molecule (Fig. 1) crystallizes in the monoclinic
space group P2,/n with atom Fel positioned at a crystal-
lographic inversion center, forming a symmetric pseudo-
octahedral structure. The Fel center is six-coordinate with an
Og¢ donor set, comprising oxygen atoms from two deproto-
nated ones (O1, O1"), two formyl groups (O3, O3') and two
coordinated water molecules (O4, O4'). The resulting coor-
dination geometry affords a trans-octahedral arrangement.

The principal Fe—O bond distances are: Fel—Ol1
(phenolate) = 1.906 (3) A, Fel—03 (formyl) = 2.029 (3) A,
and Fel—04 (water) = 2.109 (4) A. These bond lengths are
consistent with those typically observed in six-coordinate Fe''
complexes with mixed oxygen donor atoms. Each 2-methoxy-
4-(phenyldiazenyl)-6-formylphenolato ligand coordinates in a
bidentate chelating mode (x*0,0’) through the deprotonated
phenolate oxygen (O1) and formyl oxygen (O3) atoms. The
chelate bite angle O1—Fel—03 is 86.20 (14)°, indicating a
small distortion from the ideal octahedral angle of 90°
(Table 1).

The azo group (N1=N2) within the ligand exhibits a bond
distance of 1.185 (6) A, characteristic of a strong double bond,
and adopts a trans conformation. The conjugated ligand
framework contributes to the rigidity and near-planarity of the
aromatic system. Due to the centrosymmetric nature of the

Figure 1
Molecular structure of the title compound with the atom labelling.
Displacement ellipsoids are drawn at the 50% probability level
[symmetry code: (i) —x, 1 — y, —z].

Table 1 .

Selected geometric parameters (A, °).

Fel—O1 1.906 (3) 01-Cl10 1.222 (4)
Fel—03 2.029 (3) 03—C13 1.147 (5)
Fel—04 2.109 (4) N2—N1 1.185 (6)
O3—Fel—-01 86.20 (14) C14—02—-C11 116.7 (3)
04—Fel—0O1 88.32 (15) H1b—04—Hla 104.5
04—Fel —03 90.41 (13) C7—N1—-N2 116.5 (4)
C10—O1—Fel 130.0 (3) C6—N2—N1 1152 (3)
Table 2 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H--A D---A D—H---A
O4—Hla---02" 1.04 1.82 2.845 169
04—Hl1b---03" 1.04 1.82 2.788 153

Hydrogen-atom positions cannot be accurately determined in kinematical refinement of
MicroED datasets. Therefore, distances involving hydrogen atoms are not quantitatively

complex, the asymmetric unit contains exactly half of the
molecule, with the complete structure generated by inversion
symmetry.

3. Supramolecular features

The crystal structure of the title compound is consolidated by
dense packing and diverse non-covalent interactions.
Hydrogen bonding plays a crucial role in the supramolecular
assembly: the coordinated water molecules (O4) act as
hydrogen-bond donors to adjacent formyl oxygen atoms (O3)
and, to a lesser extent, to methoxy oxygen atoms (O2)
(Table 2). The O4—HI1b---O3 hydrogen bond propagates
along the g-axis direction via crystallographic translation,
linking the molecules into a one-dimensional chain parallel to
the a axis.

Hirshfeld surface analysis (Spackman & Jayatilaka, 2009;
McKinnon et al., 2007) was performed to quantitatively
characterize the intermolecular interactions. As shown in the
Hirshfeld surface analysis, C—H-- -7 interactions between
aromatic C—H groups and the m-electron systems of neigh-
bouring rings contribute significantly to the crystal packing
efficiency. Additional weak C—H---O hydrogen bonds

Figure 2

Crystal packing of the title compound viewed down from the crystal-
lographic b axis. Lines indicate intermolecular hydrogen bonds.
[Symmetry codes: (i) —x, 1 —y, —z; (ii)) —x + 1, —y + 1, —z].
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between aromatic C—H groups and coordinated oxygen
atoms further consolidate the structure.

The relative contributions to the total Hirshfeld surface are:
H---H contacts (36.8%), C---H/H.--C contacts (31.9%),
O---H/H---O contacts (18.7%), and C---C contacts (1.7%).
The high proportion of H---H interactions reflects efficient
van der Waals packing and space filling in the crystal structure.
The substantial C.--H/H---C contribution arises primarily
from C—H- - -7 interactions involving the extensive aromatic
ring systems present in the ligand framework. The moderate
O---H/H---O contribution (18.7%) corresponds to both
O—H---O and C—H---O hydrogen bonds linking adjacent
molecules. The relatively low C---C contribution (1.7%)
indicates minimal face-to-face m—m stacking, with the crystal
packing instead dominated by edge-to-face or T-shaped
aromatic interactions.

The intermolecular C—H- - -O hydrogen bonds are visua-
lized as red spots near O3 and O1 on the Hirshfeld surfaces
mapped over dyorm (Fig. 2, Fig. 3). The O—H- - -O hydrogen
bonds are the dominant intermolecular interactions, and other
weak interactions such as C—H-.-w and C—H---O are of
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Figure 3

Hirshfeld surfaces mapped over d,,, and two-dimensional fingerprint
plots.

minor importance. The enrichment ratios are EHC = 1.32,
ENH = 1.41, EHH = 0.83, ECC = 0.52 and EOH = 1.36 (Jelsch
et al., 2014).

4. Database survey

A survey of the Cambridge Structural Database (CSD,
Version 5.43, update November 2024; Groom et al., 2016)
revealed several reported iron complexes containing azo
groups with the metal ions in both +2 and +3 oxidation states.
While mononuclear complexes of the general formula
[Fe(L),(H,0),] are documented, complexes bearing azo-
vanillin frameworks similar to the title compound remain
relatively uncommon.

Fe—O bond distances in Fe'' complexes typically range
from 1.95 to 2.15 A for phenolate coordination and 2.05 to
2.25 A for neutral oxygen donors such as water or aldehyde
groups, while the corresponding distances in Fe'™ complexes
are typically shorter at 1.85-2.00 A for phenolate and 1.95-
2.10 A for neutral donors, reflecting the larger ionic radius of
Fe'' compared to Fe'"'. The Fe—O bond lengths observed in
the title complex fall within these established ranges for Fe'
complexes, supporting the structural validity of the deter-
mined model despite the challenges inherent in MicroED data
collection and refinement. Related structures include Fe'
complexes with salicylaldimine ligands and azo-containing
Schiff base complexes (Keypour et al., 2013), which exhibit
similar octahedral coordination geometries with mixed O/N
donor sets.

The presence of coordinated water molecules in six-coor-
dinate Fe" complexes is common when the primary ligands
provide fewer than six donor atoms. The trans arrangement of
water ligands in the title compound represents a frequently
observed configuration in octahedral metal complexes,
providing charge balance and completing the coordination
sphere.

5. Synthesis and crystallization

While the intended product was an iron-salen
complex incorporating diamine, 'H NMR and MicroED
analysis revealed that the target complex was not formed.
Instead, an unexpected bis-(azo-vanillinato)Fe" complex
[Fe(Cy4H{1N,03),(H,0),] was obtained.

The original preparation procedures are as follows. Aniline
(0.311 mL, 0.3 mmol) was dissolved in 6 M of hydrochloric
acid (3 mL) and cooled in an ice bath. An aqueous solution of
sodium nitrite (NaNO,, 0.023 g, 0.33 mmol in 2 mL water) was
added dropwise at 273-278 K to generate the diazonium salt.
After stirring for 30 min, o-vanillin (0.046 g, 0.3 mmol) in
ethanol (5mL) was added and stirred for 1h at ice-bath
temperature. The pH was adjusted to approximately 10 by
addition of 10% aqueous sodium hydroxide solution, and the
precipitated azo-vanillin was collected by suction filtration.

The azo-vanillin intermediate was dissolved in ethanol
(10 mL), and  (1R2R)-(+)-1,2-diphenylethylenediamine
(0.032 g, 0.15 mmol) in ethanol (5 mL) was added and stirred
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Table 3
Experimental details.

Table 4

Summary of MicroED data collection and processing.

Crystal data
Chemical formula
M,

Crystal system, space group
Temperature (K)
a, b, c (A)

B()

v (AY)

VA

Radiation type

f (mm~")
Crystal size (mm)

[Fe(C14H11N,03),(H,0),]
602.38

Monoclinic, P2/n

79

4.7419 (4), 22.447 (6), 11.0960 (11)
90.396 (8)

1181.0 (3)

2

Electron, A = 0.02508 A

0.00

0.02 x 0.0002 x 0.0002

Microscope parameters

Data collection

Diffractometer

No. of measured, independent and
observed [/ > 2u(])] reflections

Talos Arctica electron microscope
277706, 5188, 3421

Rint 0.234

(sin O/A)max (A7Y 0.807

Refinement

R[F* > 20(F%)], wR(F?), S 0.218, 0.534, 2.00

No. of reflections 5188

No. of parameters 178

H-atom treatment H-atom parameters constrained

ApPmaxs APmin 1.68, —0.62

Density values in MicroED maps are proportional to Coulomb potential but the scale is
not necessarily absolute. Computer programs: OLEX2.solve (Bourhis et al., 2015),

at 313K for 3 h. Fe' sulfate heptahydrate (FeSO,7H,0,
0.021 g, 0.075 mmol) in water (2 mL) was added and stirred at
313 K for 2 h to give a dark-brown solution with precipitates,
which were filtered, dried and subjected to MicroED

6. Refinement

Crystal data, data collection, and structure refinement details
are summarized in Tables 3 and 4. MicroED data were
collected at 79 K on a Talos Arctica electron microscope
equipped with a Falcon 3 direct electron detector, controlled
by Serial EM (Mastronarde, 2003) (Table 7 and Fig. 4). The
diffraction patterns were processed with DIALS (Winter et al.,
2018; Clabbers et al., 2018) and xia2.multiplex (Gildea et al.,
2022), parallelized by GNU parallel (Tange, 2011). Data
scaling was performed using dials.scale (Beilsten-Edmands et
al., 2020). Crystallographic merging statistics are shown in
Tables 5, 6 and 7. The structure was solved by charge flipping
using olex2. solve (Bourhis et al., 2015) and kinematically
refined by full-matrix least-squares procedures on F> using
olex2.refine (Bourhis et al., 2015). All non-hydrogen atoms
were refined anisotropically. In addition to the Fe-salen
complex described in this manuscript, the grid contained two
more components (see scatter plots of unit-cell parameters in
Fig. 5). They were separately processed and phased as in
Gogoi et al. (2023). The two components turned out to be a
free ligand (CCDC-2524690; COD-3000633) and an inorganic
salt (supplementary Fig. S1). Because of the very low occur-
rences of their crystals, their completeness was limited.
Moreover, the inorganic salt could not be identified due to the
difficulty in element identification by MicroED. Therefore, we
do not describe their structures further in this report.

Scope Talos Arctica
Acceleration voltage 200 kV (~0.025079 A)
Probe Nanoprobe mode

Gun lens 8

Beam convergence Parallel

Beam diameter ~1.6 um

Fluence ~0.055¢ A" sec™!
Rotation ~0.4354°/frame

Energy filtering Not equipped

Detector Falcon 3 (integrating mode)
Pixel size 28 um (after binning by 2)
Camera length 615.5 mm

Frame rate ~0.35 sec / fraction
Microscope control SerialEM

Stage temperature ~79 K

Data collection and processing
Sample grid

Snapshot screening

Data collection

Initial indexing success

QuantiFoil Mo R0.6/1.0
> 750 positions

377 positions

312 crystals

Processing DIALS with GNU parallel
Cluster 1 (blue cluster; the Fe complex)
Indexed 241 crystals

Selected for merging .
Selection criteria CC12@0.72A > 1/2, xia.multiplex,

dials.scale with deltacchalf filtering

Cluster 2 (red cluster; the free ligand)
Indexed 5 crystals
Selected for merging S crystals

Selection criteria none (used all)

Cluster 3 (orange cluster; unknown inorganic salt)
Indexed 7 crystals
Selected for merging 7 crystals

Selection criteria none (used all)

Figure 4

SerialEM square montage of the MicroED grid: The red crosses indicate
positions screened for diffraction. Discontinuities in the image are due to
alignment errors in the montaging process.
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Table 5

Merging statistics for the Fe complex.

dmax dimin obs uniq mult. %comp <llo(l)> Tpim ccl/2
6.20 1.67 11334 275 41.21 99.28 49.7 0.020 0.984*
1.67 1.33 13981 270 51.78 100.00 38.0 0.021 0.992%
1.33 1.16 13115 268 48.94 100.00 30.4 0.025 0.995%
1.16 1.06 15612 277 56.36 100.00 252 0.028 0.997*
1.06 0.98 12292 252 48.78 100.00 20.1 0.034 0.995%
0.98 0.93 13964 260 53.71 100.00 17.9 0.034 0.991*
0.93 0.88 16465 284 57.98 100.00 133 0.048 0.958*
0.88 0.84 13495 260 51.90 100.00 9.9 0.059 0.964*
0.84 0.81 11891 253 47.00 100.00 6.9 0.080 0.932%
0.81 0.78 14647 266 55.06 100.00 6.5 0.076 0.923*
0.78 0.76 16342 269 60.75 100.00 53 0.090 0.914*
0.76 0.73 15344 273 56.21 100.00 4.5 0.109 0.903*
0.73 0.72 13776 262 52.58 100.00 35 0.133 0.882*
0.72 0.70 12463 252 49.46 100.00 2.4 0.192 0.633*
0.70 0.68 12810 257 49.84 100.00 2.5 0.191 0.840*
0.68 0.67 14628 255 57.36 100.00 24 0.184 0.693*
0.67 0.65 17458 278 62.80 100.00 2.9 0.154 0.797*
0.65 0.64 15599 279 5591 100.00 1.7 0.273 0.464*
0.64 0.63 14029 269 52.15 100.00 1.5 0.284 0.552%
0.63 0.62 14499 263 55.13 100.00 1.6 0.278 0.618*
6.20 0.62 283744 5322 53.32 99.96 12.4 0.033 0.995%
Table 6

Merging statistics for the free ligand.

dmax domin obs uniq mult. %comp <llo(I)> Tpim ccl/2
5.55 1.95 181 62 2.92 80.52 275 0.049 0.995+
1.95 1.56 247 74 3.34 89.16 20.2 0.060 0.979*
1.56 1.36 203 59 3.44 89.39 11.2 0.105 0.920*
1.36 1.24 268 70 3.83 89.74 9.3 0.110 0.964*
1.24 1.15 204 60 3.40 90.91 9.4 0.107 0.956*
1.15 1.08 295 77 3.83 92.77 9.6 0.116 0.932%
1.08 1.03 201 58 3.47 87.88 9.5 0.112 0.956*
1.03 0.99 277 71 3.90 93.42 7.3 0.135 0.965*
0.99 0.95 254 68 3.74 86.08 49 0.153 0.892%
0.95 0.92 221 63 3.51 92.65 44 0.201 0.815%
0.92 0.89 257 64 4.02 88.89 35 0.215 0.693*
0.89 0.86 283 73 3.88 90.12 2.9 0.218 0.700%*
0.86 0.84 242 63 3.84 92.65 2.1 0.288 0.517*
0.84 0.82 205 59 3.47 86.76 23 0.275 0.706*
0.82 0.80 269 70 3.84 88.61 1.8 0.388 0.665*
5.55 0.80 3607 991 3.64 89.20 8.4 0.113 0.973*
Table 7

Merging statistics for the unknown inorganic salt.

dimax dmin obs uniq mult. %comp <llo(I)> T'pim ccl/2
4.89 1.59 691 110 6.28 82.09 17.4 0.074 0.983*
1.59 1.27 719 103 6.98 89.57 12.5 0.088 0.971*
1.27 1.11 739 102 7.25 89.47 8.4 0.114 0.944*
1.11 1.01 765 96 7.97 90.57 8.2 0.120 0.973*
1.01 0.94 824 105 7.85 90.52 5.6 0.117 0.885%
0.94 0.88 662 88 7.52 88.00 3.9 0.181 0.833*
0.88 0.84 841 98 8.58 91.59 4.0 0.151 0.864*
0.84 0.80 759 99 7.67 92.52 3.5 0.167 0.684*
0.80 0.77 731 94 7.78 91.26 2.5 0.186 0.859*
0.77 0.74 815 99 8.23 91.67 23 0.231 0.723*
0.74 0.72 819 101 8.11 90.99 22 0.214 0.482%
0.72 0.70 610 80 7.62 89.89 1.9 0.340 0.763*
0.70 0.68 889 100 8.89 90.91 1.5 0.266 0.641%*
0.68 0.67 777 99 7.85 92.52 1.4 0.279 0.542%
0.67 0.65 724 93 7.78 89.42 1.2 0.403 0.514*
4.89 0.65 11365 1467 7.75 90.00 53 0.112 0.981*

The benzene ring (C1-C6) collapsed (long C—C) during
the calculation, so we used the AFIX66 constraint. Hydrogen

atoms bound to carbon and oxygen were placed at peak
positions and refined using a riding model.
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Scatter plots of unit-cell parameters: 298 crystals that diffracted to better
than 1.2 A were plotted out of 377 measured positions. This is a raw result
before applying prior cell information and Bravais lattice constraints. The
plot includes low-quality and/or mis-indexed crystals that were rejected in
later steps of data processing. The blue cluster corresponds to the Fe
complex described in this study. The red cluster was the free ligand and
the orange cluster was an unknown inorganic salt.

The final reliability indices are R; = 0.2176 [for 3421
reflections with 7 > 20(I)] and wR, = 0.5343 (all 5188 data),
with a goodness-of-fit of 2.0002. The relatively high R-factors
are typical for MicroED data and are attributed to the neglect
of dynamical diffraction, partial charges and bond polariza-
tion, Additionally, the equivalent reflections showed a rela-
tively high R;,, value of 0.2335. This is also common in high-
multiplicity MicroED datasets. First, intensities of equivalent
reflections vary due to multiple scattering. Next, R;,, increases
with the multiplicity of the dataset, as pointed out in
Diederichs & Karplus (1997) for the case of a related metric
Rierge- Despite these refinement challenges, the structural
model is chemically reasonable, with the connectivity and
overall molecular geometry unambiguously determined. The
coordination environment of the iron center and the
arrangement of the azo-vanillin ligands are clearly resolved,
providing valuable insight into the coordination chemistry of
this unexpected product.

Readers should be aware that the estimated standard
deviations (ESDs) of refined parameters are severely under-
estimated in MicroED. They are calculated from the covar-
iance matrix via error-propagation by the least square
refinement engine. However, necessary assumptions (inde-
pendent, zero mean, random errors with known sigmas) do
not hold in MicroED. For example, we estimate up to 0.3% of
errors are possible in the virtual camera distance of our scope.
Neglect of dynamical scattering and partial charges introduces
systematic errors. Refined parameters and ESDs in the
accompanying tables were automatically extracted from the
refined CIF file as is but we consider numbers beyond the
second decimal place as quantitatively dubious. Indeed, recent
analysis by Gemmi et al. (2026) suggested that an average
accuracy of atomic positions achieved though kinematic

refinement is about 0.03-0.05 A depending on the beam
sensitivity of the sample.

7. Data Availability

The refined coordinates of the Fe complex (CCDC-2552645;
COD-3000632) and the free ligand (CCDC-2524690; COD-
3000633) have been deposited at the Cambridge Crystal-
lographic Data Centre and the Crystallography Open Data-
base. The raw diffraction images have been deposited to
XRDa-469(https://doi.org/10.51093/xrd-00469). Scripts and
manuals for MicroED data collection and processing are
available at our GitHub repository https://github.com/GKLa-
bIPR/MicroED.
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Crystal structure determination of an Fe'" azo aldehyde complex
[Fe(C14H11N203)2(H20)2] by MicroED

Kazuki Ishikawa, Fumishi Yoshizawa, Reon Aihara, Norihito Funato, Daisuke Nakane,

Takashiro Akitsu, Takanori Nakane, Akihiro Kawamoto and Geniji Kurisu

Computing details

Diaquabis{2-formyl-6-methoxy-4-[(E)-2-phenyldiazen-1-yl]phenolato-x*O',O%iron(ll)

Crystal data

[Fe(Ci4H11N203),(H,0);]
M, =602.38
Monoclinic, P2/n
a=4.7419 (4) A
b=22.447 (6) A
c=11.0960 (11) A
£=90.396 (8)°
V=1181.0 (3) A3

zZ=72

Data collection

Talos Arctica electron microscope
diffractometer

Radiation source: Talos Arctica Field Emission
Gun

continuous rotation electron diffraction
(MicroED) scans

277706 measured reflections

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F?)]=0.218
wR(F?) =0.534

§=2.00

5188 reflections

178 parameters

0 restraints

F(000)=231.684

D,=1.694 Mg m

Electron radiation, A = 0.02508 A

Cell parameters from 16876 reflections
6= 6.6-56.6°

4 =0.000 mm™!

T=79K

Powder, orange

0.01 x 0.001 x 0.001 mm

5188 independent reflections
3421 reflections with > 2u(/)
Ry =0.234

Omax = 1.2°, Onin = 0.1°

h=-7T-7
k=-36—36
[=—-17—17

24 constraints
Primary atom site location: iterative
H-atom parameters constrained
w = 1/[c*(F?) + (0.2P)?]
where P = (F,2 + 2F2)/3
(A/6)max = 0.001
AP = 1.68 ¢ A7
Apmin =—0.62 ¢ A

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (4%)

X y z l]iso*/Ueq
Fel 0.0 0.5 0.0 0.0396 (7)
o1 0.2119 (6) 0.55697 (19) 0.0903 (3) 0.0427 (10)
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02 0.5723 (6) 0.63117 (19) 0.1573 (3) 0.0409 (9)
03 —0.2221 (6) 0.48661 (18) 0.1532 (3) 0.0423 (10)
04 0.2951 (6) 0.4348 (2) 0.0538 (3) 0.0448 (10)
Hla 0.367 (3) 0.4130 (6) —0.0228 (3) 0.0673 (15)*
Hlb 0.476 (2) 0.4423 (2) 0.1053 (13) 0.0673 (15)*
N1 0.2246 (7) 0.6181 (2) 0.5519 (3) 0.0462 (11)
N2 0.3901 (7) 0.6548 (2) 0.5823 (3) 0.0464 (11)
Cl 0.1835 (5) 0.64836 (14) 0.7774 (2) 0.0469 (12)
H1 0.0233 (5) 0.61580 (14) 0.7478 (2) 0.0562 (14)*
C2 0.1866 (6) 0.66845 (16) 0.8959 (2) 0.0587 (14)
H2 0.0288 (6) 0.65182 (16) 0.9603 (2) 0.0704 (17)*
C3 0.3885 (6) 0.70949 (16) 0.93334 (18) 0.0563 (14)
H3 0.3909 (6) 0.72543 (16) 1.02738 (18) 0.0675 (17)*
C4 0.5874 (6) 0.73045 (15) 0.8522 (2) 0.0539 (13)
H4 0.7476 (6) 0.76301 (15) 0.8819 (2) 0.0647 (16)*
C5 0.5843 (5) 0.71036 (16) 0.7337 (2) 0.0518 (13)
H5 0.7421 (5) 0.72699 (16) 0.6694 (2) 0.0621 (16)*
C6 0.3824 (5) 0.66932 (15) 0.69635 (17) 0.0433 (12)
C7 0.2252 (8) 0.6029 (2) 0.4355 (3) 0.0461 (12)
C8 0.0401 (8) 0.5627 (2) 0.3995 (3) 0.0461 (12)
H6 —0.1088 (8) 0.5436 (2) 0.4650 (3) 0.0553 (14)*
Cc9 0.0305 (8) 0.5446 (2) 0.2835 (3) 0.0422 (11)
C10 0.2059 (7) 0.5688 (2) 0.1977 (3) 0.0366 (10)
Cl1 0.4016 (7) 0.6108 (2) 0.2396 (3) 0.0392 (11)
C12 0.4135 (8) 0.6268 (2) 0.3536 (3) 0.0396 (10)
H7 0.5731 (8) 0.6594 (2) 0.3841 (3) 0.0475 (12)*
C13 —0.1757 (8) 0.5049 (2) 0.2477 (3) 0.0414 (11)
HS8 —0.3149 (8) 0.4887 (2) 0.3198 (3) 0.0497 (13)*
Cl4 0.7404 (8) 0.6756 (2) 0.1895 (4) 0.0474 (12)
Hlc 0.844 (3) 0.6937 (5) 0.1094 (4) 0.0711 (18)*
Hle 0.6157 (9) 0.7107 (4) 0.2326 (14) 0.0711 (18)*
Hld 0.901 (2) 0.6593 (3) 0.2531 (12) 0.0711 (18)*
Atomic displacement parameters (4°)
U]l lj22 U33 U]Z U13 U23
Fel 0.0288 (7) 0.0499 (15) 0.0402 (9) 0.0002 (7) 0.0003 (5) —0.0078 (7)
0Ol 0.0359 (13) 0.054 (3) 0.0379 (14) 0.0004 (15) —0.0024 (10) —0.0081 (14)
02 0.0352 (13) 0.051 (3) 0.0367 (14) —0.0033 (14) 0.0038 (10) —0.0097 (13)
03 0.0350 (13) 0.044 (3) 0.0479 (17) —0.0031 (14) 0.0005 (11) —0.0039 (14)
04 0.0304 (12) 0.066 (3) 0.0379 (14) 0.0002 (14) 0.0021 (9) —0.0075 (14)
N1 0.0417 (16) 0.064 (3) 0.0330 (15) —0.0064 (18) 0.0028 (11) —0.0024 (16)
N2 0.0407 (16) 0.062 (3) 0.0369 (16) —0.0085 (18) 0.0059 (12) —0.0076 (17)
Cl1 0.049 (2) 0.055 (3) 0.0367 (19) 0.001 (2) 0.0072 (15) —0.0046 (18)
C2 0.075 (3) 0.069 (4) 0.0314 (18) 0.017 (3) —0.0039 (18) —0.006 (2)
C3 0.056 (2) 0.080 (4) 0.0328 (19) 0.009 (3) —0.0036 (16) —0.007 (2)
C4 0.051 (2) 0.054 (4) 0.057 (3) 0.003 (2) —0.0093 (19) —0.001 (2)
C5 0.047 (2) 0.073 (4) 0.0352 (19) 0.003 (2) —0.0075 (15) 0.002 (2)
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Co6 0.0446 (18) 0.058 (3) 0.0271 (15) 0.005 (2) 0.0047 (13) —0.0007 (16)
Cc7 0.0436 (19) 0.062 (4) 0.0326 (17) —0.009 (2) 0.0032 (14) —0.0023 (18)
C8 0.0409 (18) 0.064 (4) 0.0333 (17) —=0.011 (2) 0.0077 (13) —0.0089 (18)
Cc9 0.0348 (16) 0.051 (3) 0.0405 (19) —0.0079 (18) —0.0019 (13) —0.0087 (18)
C10 0.0293 (14) 0.046 (3) 0.0341 (16) —0.0013 (16) 0.0005 (11) —0.0014 (16)
Cl1 0.0302 (14) 0.055 (3) 0.0320 (16) 0.0014 (17) —0.0003 (11) —0.0054 (16)
C12 0.0387 (16) 0.048 (3) 0.0323 (16) —0.0010 (18) 0.0021 (12) —0.0084 (16)
C13 0.0346 (16) 0.049 (3) 0.0403 (19) —0.0044 (18) —0.0014 (13) —0.0049 (17)
Cl4 0.0360 (17) 0.062 (4) 0.044 (2) 0.000 (2) 0.0002 (14) —0.008 (2)
Geometric parameters (4, )

Fel—O1 1.906 (3) C3—C4 1.3900

Fel—Ol! 1.906 (3) C4—H4 1.1030

Fel—O3 2.029 (3) C5—C4 1.3900

Fel—O3! 2.029 (3) C5—H5 1.1030

Fel—0O4 2.109 (4) C6—C1 1.3900

Fel—O04! 2.109 (4) C6—C5 1.3900

01—C10 1.222 (4) C7—C8 1.319 (6)
02—Cl11 1.307 (5) C7—Cl12 1.387 (5)
02—Cl14 1.325 (6) C8—H6 1.1030

03—C13 1.147 (5) C9—C8 1.350 (5)
0O4—Hla 1.0400 C9—C13 1.378 (6)
04—H1b 1.0400 C10—C9 1.380 (5)
N1—C7 1.336 (5) C10—C11 1.399 (6)
N2—N1 1.185 (6) Cl1—C12 1.316 (5)
N2—C6 1.308 (4) C12—H7 1.1030

Cl1—H1 1.1030 C13—HS8 1.1030

Ccl1—C2 1.3900 Cl4—Hlc 1.0970

C2—H2 1.1030 Cl4—Hle 1.0970

Cc3—C2 1.3900 Cl4—H1d 1.0970

C3—H3 1.1030

Oli—Fel—Ol1 180.0 H4—C4—C5 120.00 (8)
03i—Fel—O1 93.80 (14) C4—C5—HS 120.00 (8)
03—Fel—O1 86.20 (14) C4—C5—Co6 120.0
03—Fel—Ol! 93.80 (14) H5—C5—C6 120.00 (8)
03i—Fel—Ol! 86.20 (14) C1—C6—N2 124.4
03i—Fel—03 180.0 C5—C6—N2 115.5
04—Fel—O01 88.32 (15) C5—C6—C1 120.0
04—Fel—Ol! 91.68 (15) C8—C7—NI1 117.5 (4)
04i—Fel—O1 91.68 (15) C8—C7—C12 119.8 (4)
04i—Fel—Ol! 88.32 (15) C12—C7—NI1 122.7 (4)
04i—Fel—03 89.59 (13) H6—C8—C7 119.6 (2)
04—Fel—O03 90.41 (13) H6—C8—C9 119.6 (2)
04—Fel—O03! 89.59 (13) C9—C8—C7 120.8 (4)
04i—Fel—O03i 90.41 (13) C8—C9—C10 121.5 (4)
04—Fel—04! 180.0 C8—C9—C13 119.2 (4)
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C10—O1—Fel 130.0 (3) C13—C9—C10 119.0 (4)
C14—02—Cl11 116.7 (3) C9—C10—O01 127.2 (4)
C13—03—Fel! 128.0 (3) C9—C10—Cl11 116.0 (3)
Hla—O4—Fel! 108.4 C11—C10—O01 116.8 (3)
H1b—04—Fel! 125.9 C10—C11—02 114.6 (3)
Hib—0O4—H]la 104.5 C12—C11—02 123.6 (4)
C7T—N1—N2 116.5 (4) Cl12—C11—C10 121.8 (4)
C6—N2—NI1 115.2 (3) Cl11—C12—C7 120.0 (4)
HI—C1—C6 120.00 (8) H7—C12—C7 120.0 (2)
C2—Cl1—H1 120.00 (8) H7—C12—Cl11 120.0 (2)
C2—C1—C6 120.0 C9—C13—03 128.8 (4)
H2—C2—C1 120.00 (8) H8—C13—03 115.6 (3)
H2—C2—C3 120.00 (8) H8—C13—C9 115.6 (2)
C3—C2—Cl1 120.0 Hlc—C14—02 109.5
C2—C3—H3 120.00 (8) Hle—C14—02 109.5
C2—C3—C4 120.0 Hle—Cl4—HIc 109.5
C4—C3—H3 120.00 (8) H1d—C14—02 109.5
C3—C4—C5 120.0 H1d—C14—Hlc 109.5
H4—C4—C3 120.00 (8) H1d—Cl14—Hle 109.5
Fel—O1—C10—C9 =2.6 (5) Cl1—C2—C3—C4 0.0(3)
Fel—O1—C10—Cl11 176.1 (4) C1—C6—C5—C4 0.0(3)
Fel—O3—C13—C9 525 C5—C4—C3—C2 0.0(3)
01—C10—C9—C8 —178.3 (5) C5—C6—C1—C2 0.0(3)
01—C10—C9—C13 —4.2 (6) C6—C1—C2—C3 0.0 (3)
01—C10—C11—C12 180.0 (4) C6—C5—C4—C3 0.0(3)
02—C11—C10—O01 -1.5(5) C7T—N1—N2—C6 179.2 (4)
02—C11—C10—C9 177.3 (4) CT7—C8—C9—C13 —176.5 (5)
02—C11—C12—C7 =179.7 (5) C9—C8—C7—Cl12 —-0.2 (6)
03—C13—C9—C8 176.8 (6) C9—C10—C11—C12 -1.2(5)
N1—N2—C6—Cl1 =5.3(6) C10—C9—C8—C7 —2.4(5)
N1—N2—C6—C5 177.2 (4) C10—C9—C13—03 2.6 (6)
N1—C7—C8—C9 =179.2 (5) C10—C11—02—C14 172.8 (4)
N1—C7—CI12—C11 =179.0 (5) C10—C11—C12—C7 -1.2(5)
N2—N1—C7—C8 =179.1 (5) C11—C10—C9—C8 3.0(5
N2—N1—C7—C12 1.9 (6) C11—C10—C9—C13 177.1 (4)
N2—C6—C1—C2 -177.4 (3) C11—C12—C7—C8 2.0(5)
N2—C6—C5—C4 177.6 (2) C12—C11—02—C14 =8.7(5)
Symmetry code: (i) —x, —y+1, —z.

Hydrogen-bond geometry (4, °)

D—H--A4 D—H H--4 D4 D—H-A4
04—Hla-02f 1.04 1.82 2.845 169
04—H1b---03i 1.04 1.82 2.788 153

Symmetry codes: (i) —x+1, —y+1, —z; (iii) x+1, y, z.
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