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Two polymorph modifications of tris(hexafluoro-
acetylacetonato)iron(lll) revealed: is that common

for other trivalent metals?
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A long-standing issue about the correct identification of an important starting
reagent, iron(III) hexafluoroacetylacetonate, Fe(hfac); (1), has been resolved.
The tris-chelated mononuclear complex was found to crystallize in two poly-
morph modifications which can be assigned as the low-temperature (1-L)
monoclinic P2,/n and the high-temperature (1-H) trigonal P3. Low-temperature
polymorph 1-L was found to transform to 1-H upon sublimation at 44 °C. Two
modifications are clearly distinguished by powder X-ray diffraction (PXRD),
single-crystal X-ray diffraction, differential scanning calorimetry (DSC), and
melting-point measurements. On the other hand, the two forms share similar
characteristics in direct analysis in real-time mass spectrometry (DART-MS),
attenuated total reflection (ATR) spectroscopy, and some physical properties,
such as color, volatility, sensitivity, and solubility. Analysis of the literature and
some of our preliminary data strongly suggest that the appearance of two
polymorph modifications for trivalent metal (both transition and main group)
hexafluoroacetylacetonates is a common case for several largely used complexes
not yet accounted for in the crystallographic databases.

1. Introduction

Fluorinated B-diketonates are valued for their high volatility
and solubility relative to their corresponding nonfluorinated
counterparts (Sievers & Sadlowski, 1978; Fahlman & Barron,
2000; Mishra & Daniele, 2015; Crowder et al., 2019; Smol-
entsev et al., 2011). Due to their unique properties, the tri-
valent metal hexafluoroacetylacetonates, M(hfac);, have been
successfully utilized in many fields, such as metal-organic
chemical vapor deposition (MOCVD) (Lassegue et al., 2015;
Bespalova et al., 2020; Stienen & Bendt, 2020; Dhar et al., 2015;
Fahlman & Barron, 2000; Talaga et al., 1998; Ballarin et al.,
1994; Battiston et al., 1996; Lee et al., 2001; Zherikova et al.,
2013), catalysis (Gostynski et al., 2016; Conradie & Conradie,
2015; Kato & Mukaiyama, 1992; Denmark & Cresswell, 2013;
Takai et al., 1991; Neumann & Kochi, 1975; Conradie, 2022;
Freitag & Conradie, 2015; Bryant et al., 2002; Chakravarty &
Adhikari, 1991; Ma et al., 1999), supercritical carbon dioxide
techniques (Peng et al., 2008; Umecky et al., 2011; Opwis et al.,
2022), and synthesis (Moxon et al., 1981; Tangwatanakul et al.,
2016; Chokprasombat et al., 2014; Drath et al., 2018; Gostynski
etal.,2017; Woo et al.,2012; Waidmann et al., 2012; Makhaev &
Petrova, 2017).

Over the years, our group has successfully employed
Fe(hfac); as a starting reagent to synthesize both homo-
(Zhang, Li, Sun et al, 2008; Lieberman et al., 2015) and
heterometallic (Zhang, Li, Sun et al., 2008; Navulla et al., 2011;
Wei et al., 2013; Lieberman et al., 2017; Barry et al., 2018; Han
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Table 1

Experimental details.

For both determinations: [Fe(CsHF0,);], M,

+ = 677.02. Experiments were carried out at 100 K. H-atom parameters were constrained.

1-L

1-H

Crystal data
Crystal system, space group

a, b, c(A)

@ By () 90, 91.632 (2), 90
V(A% 2180.90 (9)

Z 4

Radiation type Mo Ka

w (mm™Y) 0.88

Crystal size (mm)

Data collection
Diffractometer

Monoclinic, P2/n
8.7659 (2), 12.9796 (3), 19.1759 (5)

0.16 x 0.12 x 0.09

Rigaku XtaLAB Synergy Dualflex diffractom-

Trigonal, P3

18.1141 (4), 18.1141 (4), 11.7136 (3)
90, 90, 120

3328.54 (17)

6

Synchrotron, A = 0.41329 A

0.21
0.15 x 0.12 x 0.09

Huber 4-circle

eter with a HyPix detector

Absorption correction

Tmim Tmax

No. of measured, independent and observed
[Z > 20(1)] reflections

0.807, 1.000

Rine 0.035

(sin 6/A)max (A7Y) 0.723
Refinement

R[F? > 20(F?)], wR(F?), § 0.032, 0.080, 1.05
No. of reflections 5815

No. of parameters 437

No. of restraints 340

APmaxs Apumin (€ A7) 0.71, —0.49

Multi-scan (CrysAlis PRO; Rigaku OD, 2023)

29802, 5815, 5188

Multi-scan (SADABS; Bruker, 2018)
0.853, 1.000
44621, 9816, 9201

0.048
0.881

0.032, 0.084, 1.09
9816

419

66

0.42, —0.87

Computer programs: CrysAlis PRO (Rigaku OD, 2023), APEX3 (Bruker, 2018), SAINT (Bruker, 2018), SHELXT2018 (Sheldrick, 2015a), SHELXL2019 (Sheldrick, 2015b), and

OLEX2 (Dolomanov et al., 2009).

et al., 2020) complexes. We typically obtain Fe(hfac); by the
procedure described by Morris et al. (1963) with two impor-
tant modifications: (i) using CH,Cl, instead of CCl; as a
solvent medium and (ii) purifying the bulk product by subli-
mation at 44 °C or by recrystallization from the melt at 55 °C.
Despite the fact that we have successfully applied ‘as-syn-
thesized’ crystalline/microcrystalline Fe(hfac); in several syn-
thetic procedures, its powder X-ray diffraction (PXRD)
pattern appears as notably different from that calculated from
the only reported structural data in the Cambridge Structural
Database [CSD (Groom et al., 2016) refcode BUPTAH (P2,/c;
deposition No. CCDC 1117036; Pfluger & Haradem, 1983)]
(Fig. 1). Based on the search, the M(hfac); structures depos-
ited in the CSD appear either as monoclinic or trigonal/
hexagonal. Among those structures, only Cr(hfac); and
Rh(hfac); feature both monoclinic (P2;/n) and trigonal

(P3cl)/hexagonal (P6/mmm) modifications (Jessop et al., 2002;
Harada & Girolami, 2007; Davignon et al., 1970). Other metal
diketonates are reported as either monoclinic P2,/n [V
(Calderazzo et al., 2005), Mn (Bouwman et al., 1993), Ga
(Ballarin et al., 1994), and Ru (Baird et al., 1999)] or trigonal/
hexagonal P3cl (Al; Bouyahyi et al., 2010), P3 (Mo; Cham-
pouret et al., 2010), and P6/mmm (Ir; Davignon et al., 1970).
Some of the trivalent metals, notably Co(hfac)s;, lack any
reported structural data. While the PXRD pattern of our ‘as-
synthesized” Fe(hfac); does not match with that reported in
the CSD (monoclinic space group), it appears very similar to
the powder pattern of Cr(hfac); calculated for its trigonal
modification (Fig. 1). Herein, we report the trigonal modifi-
cation of Fe(hfac); and recollect the crystal structure of its
monoclinic form, while changing the space-group assignment
based on the high-quality data collected. The former can be
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Figure 1

Powder X-ray pattern comparison: calculated pattern of the monoclinic Fe(hfac); reported in the CSD (black); experimental pattern of ‘as synthesized’

in this work Fe(hfac); (red); calculated pattern of trigonal Cr(hfac); (blue).
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regarded as a ‘high-temperature’ polymorph, while the latter
represents a ‘low-temperature’ modification. A comparison is
also made of the physical properties and characterization of
these two forms.

2. Experimental

All of the manipulations were carried out in a dry oxygen-free
argon atmosphere by employing standard Schlenk and glove-
box techniques. Anhydrous iron(III) chloride (FeCl;) and
hexafluoroacetylacetone (Hhfac) were purchased from Sigma-—
Aldrich and used as received. Dichloromethane (DCM) was
purchased from Sigma-Aldrich and was dried and degassed
before use. Powder X-ray diffraction data were collected on a
Rigaku multipurpose 6-6 X-ray SmartLab SE diffractometer
[Cu Ko radiation, HyPix-400 two-dimensional advanced
photo-counting hybrid pixel array detector (Rigaku, Tokyo,
Japan), with a step of 0.01° 20 at 20 °C]. Le Bail fit refinement
for the powder diffraction patterns was performed using the
TOPAS 4 software package (Bruker, 2006). The DSC spectra
were recorded on a DSC 2500 differential calorimeter (TA
instrument, New Castle, DE, USA). The DART-MS spectra
were acquired on an AccuTof 4G LC-plus DART mass spec-
trometer (JEOL, Tokyo, Japan). The IR spectra were
measured using an IRTracer-100 Fourier Transform Infrared
spectrophotometer (Shimadzu, Kyoto, Japan). The melting-
point temperatures were determined using a Stuart SMP11/
120V/60 melting point apparatus (Bibby Sterilin, Staffordshire,
UK).

2.1. Synthesis and crystallization

2.1.1. Preparation of the low-temperature modification of
Fe(hfac); (1-L). A flask was charged with anhydrous FeCl;
(1.00 g, 6.2 mmol) under a dry argon atmosphere, and dry
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Figure 2 =~ =

The atom-numbering scheme for the 1-L modification of Fe(hfac);, with
displacement ellipsoids drawn at the 50% probability level. H atoms are
shown as spheres of arbitrary radius. Only one orientation of the disor-
dered CFj; groups is depicted.

Table 2 .
Selected bond lengths and angles (A, °) for 1-L and 1-H.
1-L 1-H

Fel—O1 1.9899 (11) Fel—O1 1.9914 (8)
Fel—02 2.0045 (11) Fel—02 2.0070 (8)
Fel—03 1.9921 (11) Fe2—03 1.9866 (8)
Fel—04 1.9891 (11) Fe2—04 1.9997 (8)
Fel—05 1.9939 (11) Fe3—05 1.9948 (9)
Fel—06 1.9971 (11) Fe3—06 2.0012 (9)
Ol—Fel—02 87.36 (4) Ol—Fel—O1' 92.74 (3)
Ol1—Fel—-03 92.08 (5) O1—Fel—-02 86.68 (3)
O1—Fel—04 178.59 (5) O1—Fel—02 92.17 (3)
O1—Fel—05 90.33 (5) O1—Fel —02" 175.07 3)
O1—Fel—06 87.96 (5) 0O2—Fel—02' 88.45 (4)
02—Fel—03 92.11 (5) 03—Fe2— 03 92.73 (3)
02—Fel—04 91.33 (5) 03—Fe2—04 87.36 (4)
02—Fel—05 175.27 (4) 04—Fe2—03t 90.95 (4)
02—Fel—06 88.60 (5) 04—Fe2—03" 176.31 (4)
03—Fel—04 87.45 (5) 04— Fe2—04' 88.95 (4)
O3—Fel—05 92.08 (4) O5—Fe3—05" 92.30 (3)
03—Fel—06 179.29 (5) 05—Fe3—06 87.01 (4)
0O4—Fel—05 91.02 (5) O5—Fe3—06" 176.66 (4)
O4—Fel—06 92.53 (5) O5—Fe3—06" 90.99 (4)
05—Fel—06 87.20 (4) 06—Fe3— 06 89.74 (4)

Symmetry codes: (i) —x + y+1, —x + 2, z; (ii) —y + 2,x — y + 1, z; (iii)) —y + 1,x — y, z; (iv)
—x+y+l, —x+ 1L, z(v) —y+Lx—y+ 1 z;(vi) —x+y, —x+ 1,z

oxygen-free DCM (20 ml) was added. Upon stirring, Hhfac
(3.00 ml, 21.19 mmol) was added to the solution. The dark-red
solution was stirred for 24 h. The reaction mixture was filtered,
and the filtrate was evaporated and dried under vacuum at
room temperature to obtain a powdered solid. Crystals were
grown by sealing the microcrystalline powder in an evacuated
glass ampule placed above a sand bath with a temperature of
26 °C. The ampule had a temperature gradient (ca 5 °C) along
the length of the tube and was kept at this temperature for 3 d,
allowing crystals of 1-L to appear in the cold section of the
container where the temperature was ca 21 °C. Crystals of 1-L
can also be grown by the slow evaporation of a hexanes
solution in open air.

2.1.2. Preparation of the high-temperature modification of
Fe(hfac); (1-H). The microcrystalline powder of 1-L was
sealed in an evacuated glass ampule and placed in a furnace
having a temperature gradient along the length of the tube.
The ampule was kept at 55 °C for 7 d to allow the crystals of
1-H to recrystallize from the melt upon slow cooling to room
temperature. Crystals of 1-H can also be obtained by keeping
the ampule in a gradient furnace at 44 °C to allow the com-
pound to sublime and deposit in the cold zone of the con-
tainer, where the temperature was set at 41 °C.

2.2. Refinement

Crystal data, data collection, and structure refinement
details for both 1-L and 1-H are summarized in Table 1, and
the selected metric parameters are given in Table 2. The atom-
numbering schemes for 1-L and 1-H are shown in Figs. 2 and 3,
respectively. For both structures, the H atoms were included in
the model at geometrically calculated positions and refined
using a riding model. The isotropic displacement parameters
of all H atoms were fixed at 1.2 times the U, value of the
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atoms to which they were linked. In the structures of 1-L and
1-H, one and two CF; groups, respectively, were found to be
disordered. All disordered CF; groups were modeled with two
(in 1-H) or three (in 1-L) orientations, with their relative
occupancies refined. The geometries of the disordered parts
were restrained to be similar. The anisotropic displacement
parameters of all disordered groups were restrained to have
the same U; components, with a standard uncertainty of
0.01 A% The structure of 1-H was refined as a two-component
merohedral twin, with the relative batch scale factor (BASF)
converging to 0.2097 (6).

3. Results and discussion

Fe(hfac)s is a mononuclear molecule, in which the iron center
is chelated by three hfac ligands. The structure has been solved
and refined in the monoclinic space group P2,/n for 1-L
(Fig. 2) and in the trigonal space group P3 for 1-H (Fig. 3). It
should be noted that 1-L was refined in the space group P2/n
rather than P2/c in a previous report (Pfluger & Haradem,
1983) as a commonly accepted standard setting with a closer to
90° B-angle value. Both modifications are centrosymmetric
and feature an equal number of A- and A-enantiomeric forms
(Scheme 1). The average Fe—O bond lengths in 1-L and 1-H
are 1.9944 (11) and 1.9967 (8) A, respectively. The bond
lengths determined in the present work are similar to those
reported previously, ie. 1.999 (10) A. The O—Fe—O bond
angles in 1-L and 1-H are in the range 86.68 (3)-92.74 (3)°,
which are close to the values obtained ecarlier (Pfluger &
Haradem, 1983).
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Figure 3

The atom-numbering scheme for the 1-H modification of Fe(hfac);, with
displacement ellipsoids drawn at the 50% probability level. H atoms are
shown as spheres of arbitrary radius. Only one orientation of the disor-
dered CF; groups is depicted. [Symmetry codes: (i) —x + y+1, —x + 2, z;
() —y+2,x —y+1,z;(ili)) —y+ L, x —y,z; (iv) —x +y + 1, =x + 1, z; (V)
—y+Lx—y+1,z;(vi) —x+y, —x+1, z.]
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Figure 4

Packing diagrams along the ¢ axis for (a) 1-L and (b) 1-H, rendered as
space-filling models for the [FeOg] core, as well as capped sticks models
for C atoms. Only Fe, O, and C atoms are shown for clarity. Colour
scheme used: Fe yellow, O red, and C grey.

Scheme 1

1-L and 1-H are two polymorph modifications of Fe(hfac);
that are packed in a different way. The packing diagram of 1-L
[Fig. 4(a)] shows that the [Fe(hfac);] molecules are arranged in
an ABAB manner, while in 1-H, the packing order is
ABBABB [Fig. 4(b)].

Despite 1-L and 1-H experiencing a different mutual
arrangement of fris-chelated Fe molecules, most of the
physical properties of these polymorphs are similar. They are
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Figure 5

Powder X-ray diffraction patterns of the (a) 1-L and (b) 1-H bulk products and the Le Bail fits. Black and red curves represent experimental and
calculated patterns, respectively. Gray is the difference curve with theoretical peak positions shown as blue bars at the bottom.

both soluble in most common organic solvents, such as hexa-
nes, toluene, tetrahydrofuran (THF), acetone, and alcohols.
They are quite sensitive to moisture, which is indicated by a
color change from dark red to yellow when exposed to open
air for less than 30 min. However, the melting points of 1-L
and 1-H are different, being recorded as 50 and 46 °C,
respectively, when measured in sealed capillary tubes.
Fe(hfac); was found to decompose in a sealed evacuated glass
ampule at around 280 °C. The phase purity of the bulk
products has been investigated by powder X-ray diffraction
(PXRD). The PXRD pattern of Fe(hfac); prepared in solution
at room temperature corresponds to the monoclinic modifi-

cation 1-L [Fig. 5(a)] according to the Le Bail fit. A crystalline
sample obtained upon crystallization of 1-L from the melt at
55 °C shows a PXRD pattern [Fig. 5(b)] that matches the
theoretical pattern calculated from the single-crystal X-ray
data of the trigonal 1-H polymorph.

Fig. 6 shows the differential scanning calorimetry (DSC)
analysis of 1-L and 1-H between 20 and 60 °C, with a scanning
rate of 0.5°Cmin~". In both 1-L and 1-H plots, only one
endothermic and one exothermic peak were registered during
the heating and cooling processes, respectively, in all cycles.
The curve for solid 1-L [Fig. 6(a)] features during the first
cycle an endothermic peak at 53.0 °C, which corresponds to its

(a) Isteycle
m\’ 2nd cycle
. 3
= S
=
3
=1
2 488°C ——53.0°C
=
T T y g T T T T g T T g " T
20 30 40 50 60
Temperature (°C)
(b) Isteycle
> 2nd eycle
2
| = ot
=
£
Tt
° 48.8 °C
L]
=
| : ‘ y T T T ' | T ' g | ' T T T
20 30 40 50 60

Temperature (°C)

Figure 6

DSC analysis of (a) 1-L and (b) 1-H, with a heating rate of 0.5 °C min~". Black and red curves represent the first and second cycle, respectively. The

following cycles (not shown) are identical to the second one.
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Heat Flow

Exo—

20 30

Temperature (°C)

Figure 7

DSC analysis of 1-L between 20 and 50 °C, with a heating rate of 0.5 °C min~ .

melting point. An exothermic peak, also known as the crys-
tallization temperature (or the freezing point), appears at
about 40 °C upon cooling. Beginning with the second cycle,
the endothermic peak is shifted to 48.8 °C, corresponding to
the melting point of 1-H, that also crystallizes at around 40 °C.
The residue collected after the DSC measurements was con-
firmed to be the high-temperature modification of Fe(hfac);
by powder X-ray diffraction. On the other hand, in the
measurements of 1-H [Fig. 6(b)], the endothermic peak
(melting point) was recorded at 48.8 °C upon heating, and the
exothermic peak (freezing point) was observed at around 39-
40 °C on a cooling process in every cycle. The heat hysteresis
between the melting and freezing points is obviously due to
the effect of supercooling (Menczel et al., 2009). It is important
that the DSC results fully support our previous observations
of the different melting points of 1-L and 1-H as 50 and 46 °C,
respectively, in sealed capillary tubes.

The possibility of transformation from low- to high-tem-
perature modifications of Fe(hfac); in the solid state was also

1

tested by DSC analysis. The measurements of 1-L (Fig. 7)
confirmed that there is no endothermic or exothermic signals
between 20 and 50 °C, below its melting point. In addition, the
powder of 1-L was sealed in an evacuated ampule and placed
in a nongradient furnace at 45 °C. After several days of an-
nealing, the PXRD pattern confirmed the presence of only the
low-temperature modification. These results indicate the
absence of a phase transformation between 1-L and 1-H in the
solid state (crystal-to-crystal).

All observations clearly demonstrate that 1-L can be
transformed to 1-H only upon crystallization from the melt at
around 40 °C or by crystallization from the gas phase at 44/
41 °C. At the same time, the low-temperature modification of
Fe(hfac); can be isolated by sublimation at 26/21 °C or by
crystallization from solution at room or lower temperatures.

The positive-mode direct analysis in real-time mass spec-
trometry (DART-MS) of the solid Fe(hfac); features the
[Fe(hfac),]" ion {[M(hfac)]"} with a characteristic isotope
distribution pattern. The measured/calculated (m/z) values are

(a)
I|I T II| T T T T
467 469 471 473 475 m/z |
- 1
| I 1 |
180 304 428 552 676 m/z
(b)
IlI T T T T T T
467 469 471 473 475 m/z
1 1
I I | I
180 304 428 552 676 m/z

Figure 8

Positive-ion DART mass spectrum of solid () 1-L and (b) 1-H measured at 300 °C. The isotope distribution patterns for the [Fe(hfac),]" ion are shown in
the insets. Blue and red lines are experimental and calculated patterns, respectively.
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Figure 9

The attenuated total reflection (ATR) spectra of (a) 1-L and (b) 1-H.

469.9241/469.9110 and 469.9065/469.9110 for 1-L and 1-H,
respectively (Fig. 8). Two modifications cannot be recognized
by mass spectrometry; the assignments of fragment ions are
listed in Table 3.

The attenuated total reflection (ATR) spectra of 1-L and
1-H (Fig. 9) are almost identical. Both spectra show some
typical peaks like the C—0O, C=C, C—F, and C—C stretching

Intensity

Table 3
Assignment of ions detected in the positive-mode DART-MS spectra of
1-L and 1-H (hfac = CsHF40,).

Tons Measured, m/z  Calculated, m/z A % Base
1-L

[Fe(hfac),]" 469.9241 469.9110 00131 1851
[Fe(hfac),-H,O]" 487.9358 487.9216 0.0142  100.00
[Fe(hfac),2H,0]"  505.9463 505.9322 0.0141 10.66
[Fe(hfac)sNH,]" 694.9616 694.9335 0.0281 4.64
1-H

[Fe(hfac),]" 469.9065 469.9110 0.0045 35.96
[Fe(hfac),-H,O]" 487.9194 487.9216 0.0022  100.00
[Fe(hfac),2H,0]"  505.9279 505.9322 0.0043 4.03
[Fe(hfac)sNH,]" 694.9329 694.9335 0.0006 4.07

at 1613, 1641, 1252, and 663 cm™ ", respectively, which were
also listed in a previous report (Morris et al., 1963).

4. Conclusions

Iron(IIT) hexafluoroacetylacetonate was established to have
two polymorph modifications, namely, the monoclinic low-
temperature and the trigonal high-temperature form. The
discovery of the Fe(hfac); trigonal modification resolves the
long-standing issue that the PXRD pattern of bulk Fe(hfac)s
obtained by purification at 44-55 °C does not correspond to
that calculated form the reported crystal data. Other trivalent
transition-metal M(hfac); complexes, such as the Mn and Co
ones, have been obtained in a similar way and used in the
synthesis by us (Zhang, Li, Sun et al, 2008; Zhang, Li &
Dikarev, 2008; Zhang et al., 2009; Lieberman et al., 2017).
However, both Mn(hfac); and Co(hfac); also face a similar
problem that their PXRD patterns either do not match that
reported in the CSD (Mn) or have no entries to compare with
(Co). Although the syntheses of bulk Mn(hfac); and Co(hfac)
5 have been established for a very long time, their high-tem-
perature modifications (as well as the low-temperature
modification of Co) are not supported by X-ray diffraction
data, since suitable single crystals appear hard to grow and
solve (Zhang, Li, Sun et al, 2008). At the same time, it is
evident that the PXRD patterns of trivalent Mn and Co
hexafluoroacetylacetonates look very similar to that of the
high-temperature modification of Fe(hfac); (Fig. 10). It now
seems likely that other trivalent metal (V, Ga, and Ru)
hexafluoroacetylacetonates also appear as low- and high-

Figure 10
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Comparison of the powder X-ray diffraction patterns of Fe(hfac); (black), Mn(hfac); (red), and Co(hfac); (blue) obtained upon sublimation.
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temperature polymorphs. Therefore, this investigation of two
modifications of Fe(hfac); may help to avoid the misidentifi-
cation of this broad family of complexes that are very
important starting reagents in various synthetic procedures.
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Two polymorph modifications of tris(hexafluoroacetylacetonato)iron(lll)

revealed: is that common for other trivalent metals?

Joyce Chang, Julianna N. Defeo, Zheng Wei and Evgeny V. Dikarev

Computing details

Tris(1,1,1,5,5,5-hexafluoro-4-oxopent-2-en-2-olato)iron(lll) (1-L)

Crystal data

[Fe(csHF502)3]
M,=677.02
Monoclinic, P2,/n
a=28.7659 (2) A
b=12.9796 3) A
c=19.1759 (5) A
L£=91.632 (2)°
V'=2180.90 (9) A?
Z=4

Data collection

Rigaku XtalLAB Synergy Dualflex
diffractometer with a HyPix detector
Radiation source: micro-focus sealed X-ray tube
Mirror monochromator
Detector resolution: 10.0000 pixels mm!
@ scans
Absorption correction: multi-scan
(CrysAlis PRO; Rigaku OD, 2023)
Tnin = 0.807, Tmax = 1.000

Refinement

Refinement on F?

Least-squares matrix: full

R[F*>20(F?)]=0.032

wR(F?) =0.080

§=1.05

5815 reflections

437 parameters

340 restraints

Primary atom site location: dual

Secondary atom site location: difference Fourier
map

F(000)=1316

D,=2.062Mgm™

Mo Ko radiation, 2 =0.71073 A

Cell parameters from 21755 reflections
6=19-31.1°

4 =0.88 mm™

T=100K

Block, red

0.16 x 0.12 x 0.09 mm

29802 measured reflections
5815 independent reflections
5188 reflections with > 20(J)
Rin=10.035

Omax = 30.9°, Oin = 1.9°

h=-12—12
k=-18—18
[=-26—>21

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

w = 1/[c*(F*) *+ (0.0337P)* + 1.5613P]
where P = (F 2+ 2F2)/3

(A/6)max = 0.001

Apmax =0.71 ¢ A7

Apmin=-0.49 ¢ A3

Extinction correction: SHELXL.2019
(Sheldrick, 2015b),
Fc'=kFc[1+0.001xFc?/%/sin(26)]

Extinction coefficient: 0.0015 (2)
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Special details

Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate

(isotropic) treatment of cell esds is used for estimating esds involving L.s. planes.

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

X y z Usiso®/Ueq

Fel 0.46900 (2) 0.49202 (2) 0.72339 (2) 0.01693 (7)
01 0.57997 (12) 0.55097 (8) 0.80610 (5) 0.0185 (2)
02 0.27477 (12) 0.52851 (9) 0.77026 (6) 0.0204 (2)
03 0.47272 (12) 0.62615 (8) 0.67298 (6) 0.0199 (2)
04 0.35357 (13) 0.43511 (9) 0.64130 (6) 0.0231 (2)
05 0.66633 (12) 0.44825 (8) 0.68348 (6) 0.0206 (2)
06 0.46767 (12) 0.35703 (8) 0.77335 (6) 0.0208 (2)
Cl 0.64970 (18) 0.57904 (13) 0.92318 (8) 0.0227 (3)
C2 0.52614 (17) 0.56446 (11) 0.86604 (8) 0.0173 (3)
C3 0.37466 (17) 0.56599 (12) 0.88408 (8) 0.0203 (3)
H3 0.348842 0.576705 0.931306 0.024*

C4 0.25941 (17) 0.55187 (11) 0.83328 (8) 0.0189 (3)
C5 0.09413 (18) 0.57213 (13) 0.85443 (9) 0.0242 (3)
C6 0.4270 (2) 0.76326 (14) 0.59627 (10) 0.0305 (4)
C7 0.41157 (17) 0.64876 (12) 0.61483 (8) 0.0200 (3)
C8 0.3346 (2) 0.58291 (14) 0.56906 (8) 0.0266 (3)
H8 0.294569 0.608734 0.525938 0.032*

C9 0.31523 (18) 0.47960 (13) 0.58556 (8) 0.0228 (3)
Cl1 0.89668 (18) 0.36581 (12) 0.66105 (9) 0.0236 (3)
C12 0.74973 (17) 0.37331 (11) 0.70213 (8) 0.0183 (3)
Cl13 0.71970 (17) 0.29929 (11) 0.75225 (8) 0.0200 (3)
H13 0.795415 0.249771 0.764805 0.024*
Cl4 0.57945 (17) 0.29747 (11) 0.78402 (7) 0.0172 (3)
Cl15 0.54919 (18) 0.21521 (12) 0.83934 (8) 0.0224 (3)
F1 0.75797 (11) 0.64274 (8) 0.90242 (5) 0.0283 (2)
F2 0.71521 (13) 0.48824 (9) 0.93766 (6) 0.0362 (3)
F3 0.59418 (12) 0.61549 (11) 0.98224 (5) 0.0388 (3)
F4 0.06344 (13) 0.67176 (9) 0.84624 (7) 0.0430 (3)
F5 0.07236 (12) 0.54738 (11) 0.92035 (6) 0.0395 (3)
F6 ~0.00539 (12) 0.51973 (1) 0.81544 (7) 0.0427 (3)
F7 0.34009 (17) 0.81936 (9) 0.63729 (9) 0.0629 (4)
F8 0.38449 (18) 0.78312 (11) 0.53107 (8) 0.0616 (4)
F9 0.56915 (12) 0.79520 (8) 0.60523 (6) 0.0346 (2)
F13 0.86086 (13) 0.35067 (10) 0.59334 (6) 0.0416 (3)
Fl14 0.97807 (11) 0.45122 (8) 0.66567 (6) 0.0326 (2)
F15 0.98408 (13) 0.28783 (8) 0.68154 (7) 0.0399 (3)
Fl6 0.66232 (12) 0.14777 (8) 0.84594 (6) 0.0328 (2)
F17 0.53208 (17) 0.25995 (9) 0.90105 (5) 0.0442 (3)
F18 0.42170 (11) 0.16378 (8) 0.82345 (6) 0.0324 (2)
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C10 0.237 (4) 0.410 (2) 0.5286 (13) 0.0315 (18) 0.395 (3)
F10 0.2012 (14) 0.3222 (13) 0.5514 (7) 0.047 (2) 0.395 (3)
Fll 0.0996 (6) 0.4562 (7) 0.5074 (4) 0.0420 (14) 0.395 (3)
F12 0.3186 (7) 0.4093 (6) 0.4738 (3) 0.0524 (16) 0.395 (3)
C10X 0.268 (2) 0.405 (2) 0.5270 (13) 0.036 (2) 0.263 (3)
F10X 0.1355 (8) 0.3686 (7) 0.5421 (4) 0.0576 (18) 0.263 (3)
F11X 0.2545 (11) 0.4523 (5) 0.4649 (3) 0.0505 (17) 0.263 (3)
F12X 0.3659 (9) 0.3294 (5) 0.5210 (3) 0.0386 (14) 0.263 (3)
C10Y 0.240 (4) 0.407 (3) 0.5329 (14) 0.034 (2) 0.342 (3)
F10Y 0.1750 (16) 0.3215 (14) 0.5617 (8) 0.0313 (16) 0.342 (3)
FI1Y 0.1430 (10) 0.4470 (7) 0.4898 (4) 0.054 (2) 0.342 (3)
FI12Y 0.3533 (7) 0.3629 (6) 0.4936 (4) 0.0454 (18) 0.342 (3)

Atomic displacement parameters (4%)

Ul 1 U22 (jS} U]Z U13 U23
Fel 0.01857 (11)  0.01664 (11)  0.01548 (11)  0.00176 (8) ~0.00116(8)  0.00129 (8)
o1 0.0159 (5) 0.0235 (5) 0.0162 (5) 0.0004 (4) 0.0001 (4) 0.0000 (4)
02 0.0170 (5) 0.0234 (5) 0.0205 (5) 0.0030 (4) ~0.0020 (4) 0.0004 (4)
03 0.0227 (5) 0.0181 (5) 0.0186 (5) 0.0012 (4) ~0.0027 (4) 0.0015 (4)
04 0.0261 (6) 0.0223 (5) 0.0206 (5) ~0.0010 (4) ~0.0025 (4) ~0.0030 (4)
05 0.0227 (5) 0.0182 (5) 0.0212 (5) 0.0023 (4) 0.0037 (4) 0.0029 (4)
06 0.0202 (5) 0.0195 (5) 0.0228 (5) 0.0016 (4) 0.0019 (4) 0.0037 (4)
Cl 0.0186 (7) 0.0317 (8) 0.0177 (7) ~0.0013 (6) ~0.0016 (6) ~0.0007 (6)
&) 0.0182 (7) 0.0168 (6) 0.0168 (6) 0.0003 (5) ~0.0018 (5) 0.0022 (5)
C3 0.0185 (7) 0.0252 (7) 0.0171 (7) 0.0006 (6) 0.0013 (6) 0.0021 (6)
C4 0.0166 (7) 0.0179 (7) 0.0222 (7) 0.0018 (5) 0.0007 (6) 0.0041 (6)
cs 0.0171 (7) 0.0298 (8) 0.0257 (8) 0.0030 (6) 0.0002 (6) 0.0027 (6)
C6 0.0268 (8) 0.0275 (8) 0.0370 (9) 0.0027 (7) ~0.0036 (7) 0.0130 (7)
C7 0.0164 (7) 0.0228 (7) 0.0209 (7) 0.0053 (5) 0.0020 (6) 0.0041 (6)
C8 0.0273 (8) 0.0340 (9) 0.0182 (7) 0.0007 (7) ~0.0054 (6) 0.0043 (7)
C9 0.0186 (7) 0.0314 (8) 0.0184 (7) 0.0009 (6) 0.0013 (6) ~0.0053 (6)
Cl1 0.0238 (8) 0.0178 (7) 0.0297 (8) ~0.0009 (6) 0.0069 (6) ~0.0006 (6)
c12 0.0188 (7) 0.0162 (6) 0.0198 (7) ~0.0011 (5) 0.0007 (5) ~0.0025 (5)
C13 0.0195 (7) 0.0173 (7) 0.0230 (7) 0.0006 (5) ~0.0005 (6) 0.0022 (6)
Cl4 0.0210 (7) 0.0142 (6) 0.0163 (6) ~0.0024 (5) ~0.0021 (5) 0.0000 (5)
C15 0.0263 (8) 0.0181 (7) 0.0227 (7) ~0.0006 (6) 0.0016 (6) 0.0045 (6)
F1 0.0192 (4) 0.0371 (6) 0.0283 (5) ~0.0070 (4) ~0.0025 (4) ~0.0038 (4)
F2 0.0330 (6) 0.0399 (6) 0.0348 (6) 0.0050 (5) -0.0133 (5) 0.0109 (5)
F3 0.0255 (5) 0.0712 (8) 0.0197 (5) ~0.0047 (5) 0.0003 (4) ~0.0132 (5)
F4 0.0281 (5) 0.0334 (6) 0.0681 (8) 0.0142 (5) 0.0124 (5) 0.0098 (6)
F5 0.0215 (5) 0.0688 (8) 0.0285 (5) 0.0060 (5) 0.0074 (4) 0.0115 (5)
F6 0.0166 (5) 0.0646 (8) 0.0467 (7) ~0.0055 (5) ~0.0002 (5) ~0.0150 (6)
F7 0.0587 (8) 0.0234 (6) 0.1087 (13) 0.0136 (6) 0.0372 (9) 0.0086 (7)
F8 0.0736 (10) 0.0517 (8) 0.0574 (8) ~0.0152 (7) ~0.0357 (7) 0.0360 (7)
F9 0.0308 (5) 0.0285 (5) 0.0441 (6) ~0.0053 (4) ~0.0054 (5) 0.0125 (5)
F13 0.0390 (6) 0.0579 (8) 0.0285 (6) ~0.0093 (5) 0.0130 (5) ~0.0098 (5)
Fl4 0.0229 (5) 0.0208 (5) 0.0546 (7) ~0.0055 (4) 0.0088 (5) ~0.0041 (5)
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F15 0.0326 (6) 0.0283 (5) 0.0599 (8) 0.0129 (4) 0.0203 (5) 0.0133 (5)
F16 0.0278 (5) 0.0264 (5) 0.0441 (6) 0.0030 (4) —0.0004 (4) 0.0174 (5)
F17 0.0808 (9) 0.0331 (6) 0.0192 (5) —0.0007 (6) 0.0093 (5) 0.0035 (4)
F18 0.0242 (5) 0.0256 (5) 0.0476 (6) —0.0067 (4) 0.0026 (4) 0.0120 (5)
C10 0.030 (4) 0.047 (3) 0.018 (3) —0.014 (3) —0.002 (3) —0.016 (3)
F10 0.059 (6) 0.041 (3) 0.040 (5) —0.014 (4) —0.012 (3) —0.010 (3)
F11 0.0237 (19) 0.067 (3) 0.034 (3) —0.0147 (19) —0.0100 (15) 0.001 (2)
F12 0.037 (3) 0.092 (5) 0.029 (3) —0.022 (3) 0.012 (2) —0.032 (3)
C10X 0.035 (4) 0.045 (4) 0.027 (4) —0.004 (4) —0.001 (4) —0.009 (3)
F10X 0.039 (3) 0.085 (5) 0.049 (4) —0.029 (3) 0.011 (3) —0.036 (3)
F11X 0.074 (5) 0.055 (3) 0.021 (2) 0.001 (3) —0.018 (3) —0.010 (2)
F12X 0.054 (3) 0.035 (3) 0.027 (3) 0.005 (2) 0.001 (3) —0.017 (2)
C10Y 0.029 (4) 0.050 (4) 0.023 (4) —0.008 (3) 0.009 (3) —0.002 (3)
F10Y 0.030 (3) 0.035 (3) 0.029 (3) —0.016 (2) 0.007 (2) —0.009 (2)
F11Y 0.069 (5) 0.050 (3) 0.040 (4) —0.003 (4) —0.033 (3) —0.008 (3)
F12Y 0.034 (3) 0.064 (5) 0.039 (4) —0.013 (3) 0.022 (3) —0.030 (3)
Geometric parameters (4, )

Fel—Ol1 1.9899 (11) C7—C8 1.387 (2)
Fel—O0O2 2.0045 (11) C8—HS8 0.9500

Fel—O3 1.9921 (11) Cc8—C9 1.389 (2)
Fel—O4 1.9891 (11) C9—C10 1.563 (9)
Fel—O5 1.9939 (11) C9—C10X 1.532 (13)
Fel—O6 1.9971 (11) Co9—C10Y 1.518 (12)
01—C2 1.2670 (18) Cl11—C12 1.532 (2)
02—C4 1.2568 (19) Cl11—F13 1.342 (2)
03—C7 1.2582 (18) Cl1—F14 1.3199 (18)
04—C9 1.252 (2) Cl11—F15 1.3224 (19)
05—C12 1.2624 (18) C12—C13 1.389 (2)
06—C14 1.2603 (18) C13—H13 0.9500

Cl1—C2 1.530 (2) C13—C14 1.388 (2)
Cl—F1 1.3283 (19) C14—C15 1.534 (2)
Cl—F2 1.337 (2) C15—F16 1.3261 (19)
C1—F3 1.3321 (19) C15—F17 1.3303 (19)
C2—C3 1.382 (2) C15—F18 1.3297 (19)
C3—H3 0.9500 C10—F10 1.26 (3)

C3—C4 1.395 (2) C10—F11 1.39 (3)

C4—C5 1.538 (2) C10—F12 1.29 (4)

C5—F4 1.329 (2) C10X—F10X 1.29 (2)

C5—F5 1.3233 (19) CI10X—F11X 1.34 (3)

C5—F6 1.321 (2) C10X—F12X 1.31(2)

c6—C7 1.535(2) C10Y—F10Y 1.37 (3)

C6—F7 1.328 (2) CI0Y—F11Y 1.28 (4)

C6—F8 1.320 (2) C10Y—F12Y 1.39 (4)

C6—F9 1.319 (2)

O1—Fel—02 87.36 (4) C8—C7—C6 119.65 (15)
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Ol—Fel—O0O3
Ol—Fel—0O5
O1—Fel—06
03—Fel—02
03—Fel—05
03—Fel—06
04—Fel—O1
04—Fel—02
04—Fel—O03
04—Fel—05
04—Fel—06
O5—Fel—02
O5—Fel—06
06—Fel—02
C2—0O1—Fel
C4—02—Fel
C7—0O3—Fel
C9—04—Fel
C12—0O5—Fel
C14—06—Fel
F1—C1—C2
F1—C1—F2
F1—C1—F3
F2—C1—C2
F3—C1—C2
F3—C1—F2
01—C2—Cl1
01—C2—C3
C3—C2—C1
C2—C3—H3
C2—C3—C4
C4—C3—H3
02—C4—C3
02—C4—C5
C3—C4—C5
F4—C5—C4
F5—C5—C4
F5—C5—F4
F6—C5—C4
F6—C5—F4
F6—C5—F5
F7—C6—C7
F8—C6—C7
F8—C6—F7
F9—C6—C7
F9—C6—F7
F9—C6—F8
03—C7—C6

92.08 (4)
90.33 (5)
87.96 (5)
92.11 (5)
92.08 (4)
179.29 (5)
178.59 (5)
91.33 (5)
87.45 (5)
91.02 (5)
92.53 (5)
175.27 (4)
87.20 (4)
88.60 (5)
126.15 (10)
127.14 (10)
128.42 (10)
128.49 (11)
127.77 (10)
126.94 (10)
111.07 (13)
107.74 (13)
108.38 (14)
109.31 (13)
112.60 (13)
107.56 (13)
113.10 (13)
127.91 (14)
118.99 (13)
119.8
120.35 (14)
119.8
127.42 (14)
114.98 (13)
117.52 (14)
108.92 (13)
111.89 (13)
108.35 (15)
111.99 (14)
107.81 (14)
107.74 (14)
109.72 (14)
112.59 (16)
107.60 (16)
111.31 (13)
107.83 (17)
107.60 (15)
113.14 (14)

C7—C8—HS 119.6
C7—C8—C9 120.74 (15)
C9—C8—HS 119.6
04—C9—C8 127.44 (15)
04—C9—C10 115.6 (11)
04—C9—C10X 113.2 (13)
04—C9—C10Y 112.5 (14)
C8—C9—C10 117.0 (11)
C8—C9—C10X 118.5 (12)
C8—Co9—C10Y 120.0 (14)
F13—C11—C12 109.26 (13)
F14—C11—C12 111.89 (13)
F14—C11—F13 107.40 (14)
F14—C11—F15 108.39 (14)
F15—C11—C12 112.61 (13)
F15—C11—F13 107.05 (14)
05—C12—C11 113.08 (13)
05—C12—C13 127.53 (14)
C13—C12—C11 119.36 (13)
C12—C13—H13 119.9
C14—C13—C12 120.21 (14)
C14—C13—H13 119.9
06—C14—C13 127.78 (14)
06—C14—C15 112.98 (13)
C13—C14—C15 119.24 (13)
F16—C15—C14 112.46 (13)
F16—C15—F17 107.83 (14)
F16—C15—F18 108.17 (13)
F17—C15—C14 109.72 (13)
F18—C15—C14 110.60 (13)
F18—C15—F17 107.92 (14)
F10—C10—C9 112.8 (18)
F10—C10—F11 106 (2)
F10—C10—F12 115(2)
F11—C10—C9 108.2 (18)
F12—C10—C9 109.2 (19)
F12—C10—F11 105.1 (18)
F10X—C10X—C9 107.1 (13)
F10X—C10X—F11X 108.2 (17)
F10X—C10X—F12X 110 (2)
F11X—C10X—C9 112.0 (18)
F12X—C10X—C9 111.8 (15)
F12X—C10X—F11X 107.7 (15)
F10Y—C10Y—C9 114 (2)
F10Y—CI0Y—F12Y 101 (2)
F11Y—C10Y—C9 117 (3)
F11Y—C10Y—F10Y 108 (2)
F11Y—CI0Y—F12Y 106.8 (19)
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03—C7—C8

Fel —O01—C2—C1

Fel —O1—C2—C3

Fel —02—C4—C3

Fel —02—C4—C5

Fel —0O3—C7—C6

Fel —O3—C7—C8

Fel —04—C9—C8

Fel —04—C9—C10

Fel —04—C9—C10X
Fel —04—C9—C10Y
Fel —O5—C12—Cl11

Fel —O5—C12—Cl13
Fel —06—C14—C13
Fel —06—C14—C15
01—C2—C3—C4
02—C4—C5—F4
02—C4—C5—F5
02—C4—C5—F6
03—C7—C8—C9
04—C9—C10—F10
04—C9—C10—F11
04—C9—C10—F12
04—C9—C10X—F10X
04—C9—CI10X—FI11X
04—C9—C10X—F12X
04—C9—CI10Y—F10Y
04—C9—CI10Y—FI11Y
04—C9—CI10Y—F12Y
05—C12—C13—C14
06—C14—C15—F16
06—C14—C15—F17
06—C14—C15—F18
Cl1—C2—C3—C4
C2—C3—C4—02
C2—C3—C4—C5
C3—C4—C5—F4
C3—C4—C5—F5
C3—C4—C5—F6

127.21 (15)

162.11 (10)
~17.1 )
5.6(2)
~177.78 (10)
174.55 (10)
~4.8(2)
-5.1(2)
175.0 (16)
163.9 (8)
175.1 (17)
~177.80 (10)
43(2)
~14.7 ()
165.23 (10)
0.2 (3)
-90.73 (17)
149.50 (14)
28.4(2)

1.2 (3)

11 (3)

127.4 (15)
~118.7 (17)
73.1 (19)
~168.4 (11)
~47 (2)

23 (4)

151 (2)

~88 (2)

5.6 (2)
174.67 (13)
~65.31 (17)
53.62 (18)
~179.35 (14)
6.4 (3)
~170.13 (14)
86.24 (17)
-33.5(2)
~154.61 (15)

F12Y—C10Y—C9

C6—C7—C8—C9
C7T—C8—C9—04
C7—C8—C9—C10
C7T—C8—C9—C10X
C7—C8—C9—C10Y
C8—C9—C10—F10
C8—C9—C10—F11
C8—C9—C10—F12
C8—C9—C10X—F10X
C8—C9—C10X—F11X
C8—C9—C10X—F12X
C8—C9—C10Y—F10Y
C8—C9—C10Y—F11Y
C8—C9—C10Y—F12Y
C11—C12—C13—C14
C12—C13—C14—06
C12—C13—C14—C15
C13—C14—C15—F16
C13—C14—C15—F17
C13—C14—C15—F18
F1—C1—C2—O01
F1—C1—C2—C3
F2—C1—C2—oO01
F2—C1—C2—C3
F3—C1—C2—O01
F3—C1—C2—C3
F7—C6—C7—03
F7—C6—C7—C8
F8—C6—C7—03
F8—C6—C7—C8
F9—C6—C7—03
F9—C6—C7—C8
F13—C11—C12—05
F13—C11—C12—C13
F14—C11—C12—05
F14—C11—C12—C13
F15—C11—C12—05
F15—C11—C12—C13

108 (2)

~178.15 (15)
4.1 (3)
~176.0 (16)
~164.4 (8)
~176.1 (19)
~169.1 (19)
-53(2)
61(2)
~116.8 (18)
1.6 (17)
122.6 (18)
~156 (2)
~28 (4)

92 (2)
~172.25 (14)
0.1(2)
~179.82 (14)
~5.4(2)
114.61 (16)
~126.46 (15)
44.26 (18)
~136.47 (15)
~74.49 (16)
104.77 (16)
166.02 (14)
~14.7 (2)
~70.26 (19)
109.16 (19)
169.94 (15)
~10.6 (2)
49.0 (2)
~131.56 (17)
~61.96 (17)
116.16 (16)
56.85 (18)
~125.03 (16)
179.23 (14)
~2.7(2)

Tris(1,1,1,5,5,5-hexafluoro-4-oxopent-2-en-2-olato)iron(lll) (1-H)

Crystal data

[Fe(CsHF0,)5]
M,=677.02
Trigonal, P3
a=18.1141 (4) A

c=11.7136 3) A
V=3328.54 (17) A®
Z=6

F(000) = 1974
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D,=2.026 Mg m™

Synchrotron radiation, A = 0.41329 A
Cell parameters from 9909 reflections
0=24-21.1°

Data collection

Huber 4-circle
diffractometer
Radiation source: synchrotron
Si(111) & Si(311) monochromator
Detector resolution: 30 pixels mm'!
@ scans
Absorption correction: multi-scan
(SADABS; Bruker, 2018)
Tnin = 0.853, Timax = 1.000

Refinement

Refinement on F*

Least-squares matrix: full

R[F?>20(F?)]=0.032

WR(F?) =0.084

§=1.09

9816 reflections

419 parameters

66 restraints

Primary atom site location: dual

Secondary atom site location: difference Fourier
map

Special details

4#=021 mm™
T=100K

Block, red

0.15 x0.12 x 0.09 mm

44621 measured reflections
9816 independent reflections
9201 reflections with 7 > 2a(/)
R = 0.048

Omax = 21.4°, Opin = 1.0°
h=-24-25

k=-25-31

[=-17-20

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

w = 1/[6*(F,?) + (0.0325P)* + 0.8379P]
where P = (F 2 +2F2)/3

(A/0)max = 0.002

Apmax = 0.42 ¢ A7

Appin=—0.87 ¢ A3

Extinction correction: SHELXL.2019
(Sheldrick, 2015b),
Fc*=kFc[1+0.001xFc?13/sin(20)] "

Extinction coefficient: 0.0612 (18)

Geometry. All esds (except the esd in the dihedral angle between two L.s. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate
(isotropic) treatment of cell esds is used for estimating esds involving L.s. planes.

Refinement. Refined as a 2-component twin.

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

x y z Uiso®/Ueq Occ. (<1)

Fel 1.000000 1.000000 0.71400 (2) 0.01654 (5)

Fe2 0.666667 0.333333 0.51162 (2) 0.01865 (5)

Fe3 0.333333 0.666667 0.93886 (2) 0.02110 (6)

(0] 0.89940 (5) 0.92050 (5) 0.62066 (7) 0.01976 (14)
02 0.97128 (5) 0.89995 (5) 0.81556 (7) 0.02078 (14)
03 0.61280 (6) 0.38529 (6) 0.41847 (7) 0.02248 (14)
04 0.56364 (5) 0.28567 (6) 0.61197 (7) 0.02412 (15)
05 0.28244 (6) 0.56081 (5) 0.84457 (7) 0.02463 (15)
06 0.38193 (7) 0.61141 (7) 1.03795 (7) 0.02682 (16)
C1 0.76554 (7) 0.80956 (8) 0.56148 (10) 0.02247 (19)
C2 0.83980 (7) 0.84721 (7) 0.64728 (9) 0.01791 (16)
C3 0.83466 (7) 0.79900 (7) 0.74320 (9) 0.02029 (18)
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H3 0.784606 0.745835 0.757020 0.024*
C4 0.90328 (7) 0.82924 (7) 0.81852 (8) 0.01883 (17)
C5 0.90137 (8) 0.77069 (7) 0.91514 (9) 0.0236 (2)
C6 0.53188 (10) 0.44576 (10) 0.35758 (11) 0.0300 (3)
C7 0.54744 (7) 0.39018 (7) 0.44150 (9) 0.01997 (18)
C8 0.49062 (8) 0.35176 (8) 0.53137 (9) 0.02246 (19)
HS8 0.443465 0.360613 0.540069 0.027*
Cc9 0.50280 (7) 0.30028 (8) 0.60868 (9) 0.02141 (19)
C12 0.28010 (8) 0.49139 (7) 0.86520 (9) 0.02183 (19)
C13 0.32037 (8) 0.47359 (8) 0.95365 (9) 0.0242 (2)
HI13 0.314621 0.418651 0.959664 0.029*
Cl4 0.36896 (8) 0.53643 (8) 1.03300 (9) 0.02281 (19)
C15 0.41563 (10) 0.51552 (11) 1.12642 (11) 0.0325 (3)
F1 0.79368 (6) 0.82446 (7) 0.45473 (7) 0.0376 (2)
F2 0.71822 (7) 0.84609 (8) 0.57490 (9) 0.0427 (2)
F3 0.71500 (7) 0.72637 (6) 0.57427 (10) 0.0483 (3)
F4 0.95881 (7) 0.74648 (6) 0.89470 (7) 0.03534 (19)
F5 0.82540 (6) 0.70044 (6) 0.92495 (8) 0.0385 (2)
F6 0.92051 (6) 0.81077 (5) 1.01509 (6) 0.02827 (16)
F7 0.59348 (8) 0.52668 (7) 0.36801 (12) 0.0514 (3)
F8 0.53281 (9) 0.42204 (9) 0.25058 (7) 0.0491 (3)
F9 0.45868 (7) 0.44381 (8) 0.37561 (8) 0.0422 (2)
Fl16 0.49857 (7) 0.55425 (10) 1.10301 (10) 0.0514 (3)
F17 0.38688 (9) 0.43233 (7) 1.13467 (9) 0.0509 (3)
F18 0.40698 (8) 0.54366 (7) 1.22734 (7) 0.0415 (2)
C10 0.43433 (9) 0.25160 (11) 0.69967 (11) 0.0335 (3)
F10 0.3909 (6) 0.1711 (4) 0.6730 (6) 0.0654 (14) 0.75(3)
F11 0.3809 (6) 0.2822 (9) 0.7073 (7) 0.0672 (17) 0.75(3)
F12 0.4692 (5) 0.2603 (5) 0.8012 (4) 0.0390 (11) 0.75(3)
F10X 0.4049 (10) 0.1657 (7) 0.6835 (17) 0.043 (3) 0.25(3)
F11X 0.3675 (7) 0.2612 (10) 0.6983 (16) 0.038 (2) 0.25(3)
F12X 0.4670 (12) 0.2644 (15) 0.8049 (12) 0.039 (4) 0.25(3)
Cl1 0.22338 (9) 0.41848 (8) 0.78326 (11) 0.0308 (3)
F13 0.1407 (5) 0.3902 (10) 0.8150 (7) 0.062 (2) 0.53 (5)
F14 0.2364 (11) 0.3541 (7) 0.7912 (14) 0.054 (2) 0.53 (5)
F15 0.2347 (11) 0.4497 (8) 0.6776 (5) 0.0340 (13) 0.53 (5)
F13X 0.1446 (5) 0.3774 (7) 0.8169 (5) 0.0414 (16) 0.47 (5)
F14X 0.2486 (7) 0.3602 (7) 0.7731 (10) 0.0356 (14) 0.47 (5)
F15X 0.2222 (15) 0.4436 (10) 0.6786 (8) 0.042 (3) 0.47 (5)
Atomic displacement parameters (4%)

Ull U33 Ulz U13 U23
Fel 0.01379 (7) 0.01379 (7) 0.02205 (10) 0.00689 (3) 0.000 0.000
Fe2 0.01576 (7) 0.01576 (7) 0.02441 (11) 0.00788 (4) 0.000 0.000
Fe3 0.01905 (8) 0.01905 (8) 0.02521 (11) 0.00952 (4) 0.000 0.000
Ol 0.0163 (3) 0.0171 (3) 0.0237 (3) 0.0067 (3) —0.0016 (3) 0.0021 (3)
02 0.0197 (3) 0.0170 (3) 0.0244 (3) 0.0083 (3) —0.0033 (3) 0.0008 (3)
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03 0.0225 (4) 0.0228 (4) 0.0256 (3) 0.0139 (3) 0.0047 (3) 0.0057 (3)
04 0.0190 (3) 0.0243 (4) 0.0276 (3) 0.0098 (3) 0.0030 (3) 0.0083 (3)
05 0.0252 (4) 0.0197 (3) 0.0273 (3) 0.0099 (3) ~0.0077 (3) ~0.0006 (3)
06 0.0285 (4) 0.0268 (4) 0.0286 (3) 0.0164 (3) ~0.0097 (3) ~0.0062 (3)
Cl 0.0162 (4) 0.0232 (5) 0.0239 (4) 0.0068 (4) -0.0021 (3) 0.0015 (4)
c2 0.0155 (4) 0.0166 (4) 0.0208 (4) 0.0074 (3) ~0.0014 (3) ~0.0013 (3)
C3 0.0193 (4) 0.0165 (4) 0.0213 (4) 0.0061 (4) ~0.0005 (3) 0.0011 (3)
c4 0.0218 (5) 0.0166 (4) 0.0189 (3) 0.0102 (4) 0.0000 (3) ~0.0003 (3)
Cs 0.0299 (6) 0.0186 (4) 0.0205 (4) 0.0107 (4) ~0.0023 (4) 0.0006 (3)
c6 0.0377 (7) 0.0363 (7) 0.0274 (5) 0.0271 (6) 0.0029 (4) 0.0064 (5)
c7 0.0222 (5) 0.0202 (4) 0.0200 (4) 0.0125 (4) ~0.0010 (3) ~0.0002 (3)
C8 0.0197 (5) 0.0292 (5) 0.0211 (4) 0.0143 (4) ~0.0001 (3) ~0.0009 (4)
C9 0.0159 (4) 0.0245 (5) 0.0194 (4) 0.0068 (4) 0.0008 (3) 0.0010 (3)
c12 0.0215 (5) 0.0188 (4) 0.0213 (4) 0.0071 (4) ~0.0027 (3) 0.0008 (3)
C13 0.0291 (6) 0.0221 (5) 0.0218 (4) 0.0132 (4) ~0.0034 (4) 0.0014 (4)
Cl4 0.0229 (5) 0.0281 (5) 0.0205 (4) 0.0151 (4) ~0.0032 (3) ~0.0006 (4)
C15 0.0395 (7) 0.0412 (7) 0.0270 (5) 0.0278 (6) ~0.0127 (5) ~0.0073 (5)
F1 0.0264 (4) 0.0510 (6) 0.0214 (3) 0.0088 (4) ~0.0025 (3) ~0.0056 (3)
F2 0.0311 (4) 0.0616 (7) 0.0485 (5) 0.0330 (5) ~0.0119 (4) ~0.0118 (5)
F3 0.0373 (5) 0.0248 (4) 0.0562 (6) ~0.0044 (4) ~0.0257 (4) 0.0084 (4)
F4 0.0544 (6) 0.0365 (4) 0.0314 (4) 0.0349 (5) 0.0004 (4) 0.0037 (3)
F5 0.0397 (5) 0.0235 (4) 0.0326 (4) 0.0010 (3) ~0.0060 (3) 0.0105 (3)
F6 0.0365 (4) 0.0294 (4) 0.0184 (3) 0.0161 (3) ~0.0027 (3) ~0.0016 (2)
F7 0.0539 (7) 0.0316 (5) 0.0736 (7) 0.0250 (5) 0.0042 (6) 0.0185 (5)
F8 0.0804 (8) 0.0763 (8) 0.0223 (3) 0.0628 (8) 0.0049 (4) 0.0094 (4)
F9 0.0467 (6) 0.0638 (7) 0.0391 (4) 0.0448 (5) 0.0029 (4) 0.0113 (4)
F16 0.0390 (6) 0.0806 (9) 0.0494 (6) 0.0409 (6) ~0.0147 (4) ~0.0076 (5)
F17 0.0812 (9) 0.0436 (6) 0.0433 (5) 0.0428 (6) ~0.0288 (5) ~0.0067 (4)
F18 0.0609 (7) 0.0532 (6) 0.0224 (3) 0.0375 (5) ~0.0125 (4) ~0.0063 (3)
C10 0.0213 (5) 0.0445 (8) 0.0252 (5) 0.0092 (5) 0.0044 (4) 0.0076 (5)
F10 0.042 (2) 0.051 (2) 0.0433 (11) ~0.0210 (13)  0.0068 (14) 0.0037 (15)
Fl11 0.041 (2) 0.122 (5) 0.053 (2) 0.052 (3) 0.0277 (18) 0.041 (3)
F12 0.038 (2) 0.052 (2) 0.0236 (16) 0.0195 (17) 0.0078 (12) 0.0118 (14)
FI0X  0.037 (5) 0.024 (3) 0.059 (7) 0.008 (4) 0.024 (5) 0.012 (3)
FIIX  0.014(3) 0.059 (5) 0.035 (3) 0.014 (3) 0.010 (2) 0.010 (3)
FI2X  0.025(5) 0.056 (7) 0.017 (4) 0.006 (5) ~0.004 (3) 0.001 (4)
Cl1 0.0353 (7) 0.0193 (5) 0.0298 (5) 0.0077 (5) -0.0107 (5) ~0.0007 (4)
F13 0.0289 (17)  0.041 (3) 0.089 (4) -0.0027 (16)  —0.0170(19)  —0.018 (2)
Fl4 0.096 (5) 0.0239(17)  0.037(3) 0.026 (3) ~0.025 (3) ~0.0060 (19)
F15 0.046 (3) 0.0241(17)  0.0214 (16) 0.0097 (17) ~0.0106 (18)  —0.0024 (11)
FI3X  0.0328(19)  0.031(2) 0.040 (3) 0.0009 (14) —0.0032 (14)  —0.0002 (14)
F14X  0.058(3) 0.0233(17)  0.030(2) 0.0233 (16) —0.0156 (18)  —0.0048 (14)
FISX  0.059 (6) 0.026 (3) 0.035 (3) 0.015 (3) -0.027 (3) ~0.0035 (15)

Geometric parameters (4, )

Fel—Ol 1.9914 (8) C5—F4 1.3373 (16)
Fel—Ol 1.9914 (8) C5—F5 1.3323 (15)
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Fel—Oli
Fel—0O2
Fel—O2i
Fel—O2!
Fe2—O3ii
Fe2—O3WV
Fe2—O03
Fe2—O4ii
Fe2—0O4
Fe2—04
Fe3—O5
Fe3—O5Y
Fe3—O05"
Fe3—06"
Fe3—0O6
Fe3—O06"
o1—C2
02—C4
03—C7
04—C9
05—C12
06—Cl14
Cl—C2
Cl1—F1
Cl1—F2
C1—F3
C2—C3
C3—H3
C3—C4
C4—C5

O1—Fel—O1i
Ol1—Fel—Oli
Oli—Fel—Oli
Oli—Fel—02
Oli—Fel—O2i
O1—Fel—O02i
Oli—Fel—02
O1—Fel—O02i
Oli—Fel—O2i
Oli—Fel—O02i
Oli—Fel—O2i
Ol—Fel—02
02i—Fel—O2i
02i—Fel—02
02—Fel—O02i
O3ii_Fe2—O3V
O3iii—Fe2—03

1.9914 (8)
2.0070 (8)
2.0070 (8)
2.0069 (8)
1.9866 (8)
1.9866 (8)
1.9866 (8)
1.9997 (8)
1.9997 (8)
1.9997 (8)
1.9948 (9)
1.9948 (9)
1.9948 (9)
2.0012 (9)
2.0012 (9)
2.0012 (9)
1.2618 (13)
1.2575 (14)
1.2597 (14)
1.2561 (15)
1.2602 (15)
1.2587 (16)
1.5387 (15)
1.3261 (14)
1.3283 (16)
1.3234 (15)
1.3972 (15)
0.9500

1.3938 (15)
1.5395 (15)

92.74 (3)
92.74 (3)
92.74 (3)
175.07 (3)
86.68 (3)
175.07 3)
92.17 (3)
92.17 (3)
92.17 (3)
86.69 (3)
175.07 3)
86.68 (3)
88.45 (4)
88.45 (4)
88.45 (4)
92.73 (3)
92.73 (3)

C5—F6
C6—C7
C6—F7
C6—F8
C6—F9
C7—C8
C8—H&
C8—C9
C9—C10
C12—C13
Cl12—C11
C13—HI13
C13—Cl14
C14—C15
C15—F16
C15—F17
C15—F18
C10—F10
C10—F11
C10—F12
C10—F10X
C10—F11X
C10—F12X
C11—F13
Cl1—F14
Cl11—F15
Cl11—F13X
Cl11—F14X
Cl11—FI15X

02—C4—C3
02—C4—C5
C3—C4—C5
F4—C5—C4
F5—C5—C4
F5—C5—F4
F6—C5—C4
F6—C5—F4
F6—C5—F5
F7—C6—C7
F8—C6—C7
F8—C6—F7
F9—C6—C7
F9—C6—F7
F9—C6—F8
03—C7—C6
03—C7—C8

1.3289 (13)
1.5307 (16)
1.332(2)
1.3277 (16)
1.3257 (17)
1.3912 (16)
0.9500
1.3944 (16)
1.5357 (17)
1.3945 (16)
1.5376 (17)
0.9500
1.3901 (17)
1.5414 (17)
1.331(2)
1.3291 (19)
1.3273 (16)
1.302 (6)
1.337 (6)
1.319 (4)
1.383 (10)
1.307 (11)
1.337 (10)
1.371 (9)
1.303 (8)
1.333 (7)
1.298 (7)
1.349 (7)
1.312 (9)

127.57 (10)
113.27 (9)

119.09 (10)
109.94 (10)
112.21 (10)
107.68 (11)
111.19 (9)

107.67 (10)
107.98 (10)
109.67 (11)
110.93 (11)
107.67 (13)
113.01 (11)
106.93 (12)
108.42 (12)
113.41 (10)
127.82 (10)
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0O3"—Fe2—03
O3¥—Fe2—04
03—Fe2—04"
O3ii_Fe2—041
03—Fe2—04
O3ili_Fe2—O4ii
O3V—Fe2—04"
O3V—Fe2—O04i
03—Fe2—O04ii
O3ii—Fe2—04
O4ii_Fe2—041
O4ii—Fe2—04
04—Fe2—04"
05Y—Fe3—O05
05Y—Fe3—05Y
O5—Fe3—05Y
05—Fe3—06"
05'—Fe3—06
05Y—Fe3—06
05"—Fe3—06v
05Y—Fe3—06"
O5—Fe3—06
O5—Fe3—06Y
O5'—Fe3—06Y
05Y—Fe3—06"i
06"—Fe3—06
06'—Fe3—06v
06Y—Fe3—06
C2—0O1—Fel
C4—02—Fel
C7—0O3—Fe2
C9—0O4—Fe2
C12—0O5—Fe3
C14—06—Fe3
F1—Cl1—C2
F1—C1—F2
F2—Cl1—C2
F3—C1—C2
F3—CI1—F1
F3—C1—F2
01—C2—C1
01—C2—C3
C3—C2—Cl1
C2—C3—H3
C4—C3—C2
C4—C3—H3

Fel —O01—C2—C1

92.73 (3)
176.31 (4)
90.95 (4)
176.31 (4)
87.36 (4)
87.36 (4)
87.36 (4)
90.95 (4)
176.31 (4)
90.95 (4)
88.95 (4)
88.95 (4)
88.95 (4)
92.30 (3)
92.30 (3)
92.30 (3)
90.99 (4)
90.99 (4)
176.66 (4)
176.66 (4)
90.99 (4)
87.01 (4)
176.66 (4)
87.01 (4)
87.00 (4)
89.74 (4)
89.74 (4)
89.74 (4)
128.12 (7)
128.00 (7)
128.11 (7)
128.22 (8)
128.45 (7)
128.43 (8)
11133 (9)
106.76 (11)
109.92 (10)
112.61 (10)
108.37 (11)
107.61 (11)
113.79 (9)
127.66 (10)
118.55 (10)
120.1
119.72 (10)
120.1

171.13 (7)

C8—C7—Ce6
C7—C8—HS
C7—C8—C9
C9—C8—HS
04—C9—C8
04—C9—C10
C8—C9—C10
05—C12—C13
05—C12—C11
C13—C12—C11
C12—C13—H13
C14—C13—C12
C14—C13—H13
06—C14—C13
06—C14—Cl15
C13—C14—C15
F16—C15—C14
F17—C15—C14
F17—C15—F16
F18—C15—C14
F18—C15—F16
F18—C15—F17
F10—C10—C9
F10—C10—F11
F10—C10—F12
F11—C10—C9
F12—C10—C9
F12—C10—F11
F10X—C10—C9
F11X—C10—C9
F11X—C10—F10X
F11X—C10—F12X
F12X—C10—C9
F12X—C10—F10X
F13—C11—C12
F14—C11—C12
F14—C11—F13
F14—C11—F15
F15—C11—C12
F15—C11—F13
F13X—C11—Cl12
F13X—C11—F14X
F13X—C11—F15X
F14X—C11—C12
F15X—C11—C12
F15X—C11—F14X

C3—C4—C5—F4

118.77 (11)
120.0
120.06 (11)
120.0
127.58 (10)
113.55 (11)
118.83 (11)
127.78 (11)
114.33 (10)
117.87 (11)
120.1
119.84 (11)
120.1
127.93 (11)
113.77 (11)
118.29 (12)
109.73 (13)
112.22 (12)
108.17 (13)
110.69 (11)
107.46 (13)
108.42 (13)
109.8 (3)
108.8 (4)
109.6 (6)
110.7 (4)
110.9 (3)
107.0 (6)
107.3 (7)
116.8 (8)
106.7 (8)
110.3 (15)
112.4 (9)
102.1 (14)
106.7 (5)
112.4 (5)
107.4 (7)
112.8 (10)
108.7 (6)
108.5 (8)
112.0 (4)
106.5 (7)
106.2 (10)
112.6 (5)
113.9 (8)
105.1 (8)

109.87 (12)
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supporting information

Fel—O1—C2—C3
Fel —02—C4—C3
Fel —02—C4—C5
Fe2—03—C7—C6
Fe2—0O3—C7—C8
Fe2—04—C9—C8
Fe2—04—C9—C10
Fe3—0O5—C12—Cl13
Fe3—0O5—C12—Cl11
Fe3—06—C14—C13
Fe3—06—C14—C15
01—C2—C3—C4
02—C4—C5—F4
02—C4—C5—F5
02—C4—C5—F6
03—C7—C8—C9
04—C9—C10—F10
04—C9—C10—F11
04—C9—C10—F12
04—C9—C10—F10X
04—C9—C10—F11X
04—C9—C10—F12X
05—C12—C13—C14
05—C12—C11—F13
05—C12—C11—F14
05—C12—CI11—F15
05—C12—C11—F13X
05—C12—C11—F14X
05—C12—CI11—F15X
06—C14—C15—F16
06—C14—C15—F17
06—C14—C15—F18
Cl—C2—C3—C4
C2—C3—C4—02
C2—C3—C4—C5

-8.62 (17)
8.13 (17)
~174.91 (7)
171.79 (9)
~8.30 (19)
2.16 (19)
179.82 (9)
~74(Q2)
170.74 (9)
33(2)
~178.22 (9)
~4.25 (18)
~67.38 (12)
172.82 (10)
51.76 (14)
0.4 (2)
~72.3 (6)
167.5 (6)
48.9 (5)
-57.8 (9)
~177.4 (7)
53.7(15)
1.1 (2)
~76.1 (8)
166.3 (11)
40.7 (7)
~86.9 (6)
153.1 (6)
33.5(10)
~73.28 (15)
166.44 (13)
45.16 (18)
176.01 (10)
4.45 (18)
~172.36 (10)

C3—C4—C5—F5
C3—C4—C5—F6
Co—C7T—C8—C9
C7—C8—C9—04
C7—C8—C9—C10
C8—C9—C10—F10
C8—C9—C10—F11
C8—C9—C10—F12
C8—C9—C10—F10X
C8—C9—C10—F11X
C8—C9—C10—F12X
C12—C13—C14—06
C12—C13—C14—C15
C13—C12—C11—F13
C13—C12—C11—F14
C13—C12—C11—F15
C13—C12—C11—F13X
C13—C12—C11—F14X
C13—C12—C11—F15X
C13—C14—C15—F16
C13—C14—C15—F17
C13—C14—C15—F18
F1—C1—C2—O01
F1—C1—C2—C3
F2—C1—C2—oO01
F2—C1—C2—C3
F3—C1—C2—O01
F3—C1—C2—C3
F7—C6—C7—03
F7—C6—C7—C8
F8—C6—C7—03
F8—C6—C7—C8
F9—C6—C7—03
F9—C6—C7—C8
C11—C12—C13—C14

~9.94 (15)
~130.99 (11)
179.53 (11)
3.6 (2)
~173.93 (12)
105.5 (6)
~14.6 (7)
~133.2 (5)
120.1 (9)
0.5 (7)
~128.5 (15)
1.0 (2)
~177.39 (12)
102.2 (8)
~15.4 (11)
~141.0 (7)
91.4 (6)
~28.6 (6)
~148.2 (10)
105.36 (15)
~14.92 (19)
~136.20 (13)
41.99 (14)
~138.24 (11)
~76.10 (13)
103.68 (13)
163.93 (11)
~16.29 (16)
~67.09 (14)
112.99 (14)
51.71 (17)
~128.21 (13)
173.72 (12)
~6.20 (18)
~176.92 (12)

Symmetry codes: (i) —x+y+1, —x+2, z; (il) —=y+2, x—y+1, z; (iii) —y+1, x—y, z; (iv) —x+y+1, —x+1, z; (v) —v+1, x—p+1, z; (vi) —x+y, —x+1, z.
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