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Abstract The redox aptitude of a series of cobalt(III) or
cobalt(I) sandwich complexes bearing a charge com-
pensated dicarbollide ligand ([9-L-7,8-C2B9H10]

�) as a
constant unit and different counterparts (varying from
classical [7,8-C2B9H11]

2� to charge-compensated [9-L-
7,8-C2B9H10]

� dicarbollides, from cyclopentadienyl
[C5R5]

� (R = Me, H) to cyclobutadiene [C4Me4]
0 li-

gands) has been studied. All the Co(III) complexes dis-
play the reversible sequence Co(III)/Co(II)/Co(I). In
contrast, the Co(I) complexes (namely, those capped by
tetramethylcyclobutadiene) accede reversibly only to the
Co(II) oxidation state, the passage to Co(III) being
irreversible. When possible, the Co(II) intermediates
have been characterized by EPR spectroscopy. The
molecular structures of the monocation [Co(g-9-SMe2-
7,8-C2B9H10)2]

+ in its DD/LL and meso diastereomeric
forms as well as that of heteroleptic (g-7,8-C2B9H11)Co-
(g-9-SMe2-7,8-C2B9H10) have been obtained by single-
crystal diffraction.

Introduction

The parallelism between transition metal complexes of
the dicarbollide ligand [C2B9H11]

2� [M(C2B9H11)2]
n

(n = 1�, 2�) and the corresponding metallocenes is one
of the peculiar features of the chemistry of carboranes [1,

2]. In fact, the pioneering discoveries of the similarities
between the redox aptitude of [FeIII (C2B9H11)2]

� and
[CoIII (C2B9H11)2]

�, and those of ferrocenium and
cobaltocenium ions [1, 2] called attention towards the
electrochemical behavior of metalla-carboranes [3, 4].

In reality, the early noted isolobal analogy between
the open pentagonal faces of [C2B9H11]

2� and [C5H5]
�

[5, 6] suffers in principle by the different charge of the
two anions, which can reflect on the physico-chemical
properties of the two series of complexes. In order to
overcome such a flaw, charge compensation procedures
have been adopted to produce monoanionic nido-car-
boranes quite analogues of [C5H5]

�. Chart 1 shows a few
typical examples [7–9].

Chemistry, molecular structures, and electrochemis-
try of cobaltacarboranes formed from the classical di-
carbollide dianion [7,8-C2B9H11]

2� or its alkyl carbon
substituted derivatives have been widely studied,
inclusive not only of bis(dicarbollide) complexes [3, 4,
10–16], but also of those bearing pentagonal half-
sandwich units such as cyclopentadienyl [3, 4, 17, 18] or
pyrrolyl [19] funtions. In contrast, cobalt complexes of
‘‘charge compensated’’ carboranes are still rare [20–23]
with respect to the corresponding iron derivatives [21,
23–30].

In this context, we wish to report here on the elec-
trochemical aspects of the charge-compensated dicar-
bollide complexes of cobalt illustrated in Chart 2, which
bear different half-sandwich capping subunits.

Chart 1
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Results and discussion

Let us start with the charge-compensated bis(dicarbol-
lide)-CoIII complexes [Co(g-9-SMe2-7,8-C2B9H10)2]

+

([1]+) and (g-7,8-C2B9H11)Co(g-9-SMe2-7,8-C2B9H10)
(2) [31] illustrated in Chart 3.

Cation [1]+ exists in form of DD/LL and meso dia-
stereomers. Their structures were confirmed by X-ray
diffraction, Fig. 1.

Both DD/LL- and meso-[1]BF4 crystallize with two
independent molecules in the unit cell. The independent
molecules are practically identical for meso form
whereas in the case of DD/LL form they differ in rota-
tional conformation of the carborane ligands, the

Fig. 1 Structures of cations
LL-[1]+ (left) and meso-[1]+

(right), representing one of two
independent molecules in each
case. The hydrogen atoms are
omitted for clarity

Chart 3

Chart 2

Table 1 Selected distances (Å)
for meso-[1]+, DD/LL-[1]+,
and 2

Distance DD/LL-[1]+ meso-[1]+ 2

Range; average Range; average Substituted
carborane
ligand

Unsubstituted
carborane
ligand

C(7)–C(8) 1.609(5)–1.624(5); 1.614 1.611(6)–1.640(6); 1.625 1.618(3) 1.616(3)
C(8)–B(9) 1.676(5)–1.690(5); 1.684 1.692(6)–1.707(6); 1.698 1.687(3) 1.709(3)
B(9)–B(10) 1.777(5)–1.796(5); 1.783 1.738(7)–1.785(7); 1.762 1.792(3) 1.799(3)
B(10)–B(11) 1.794(6)–1.796(6); 1.795 1.791(7)–1.802(7); 1.799 1.807(3) 1.803(3)
B(11)–C(7) 1.665(5)–1.708(6); 1.687 1.685(6)–1.706(6); 1.693 1.706(3) 1.696(3)
B(9)–B(4) 1.779(5)–1.804(5); 1.791 1.768(7)–1.801(6); 1.783 1.788(3) 1.795(4)
B(9)–B(5) 1.759(6)–1.783(6); 1.772 1.749(7)–1.761(7); 1.756 1.778(3) 1.780(3)
S(1)–B(9) 1.909(4)–1.928(4); 1.919 1.907(5)–1.931(5); 1.915 1.921(2)
Co(1)–C(7) 2.039(3)–2.057(3); 2.047 2.026(4)–2.044(4); 2.032 2.049(2) 2.066(2)
Co(1)–C(8) 2.050(3)–2.069(3); 2.060 2.018(4)–2.042(4); 2.032 2.055(2) 2.053(2)
Co(1)–B(9) 2.085(4)–2.116(4); 2.100 2.091(5)–2.138(5); 2.115 2.092(2) 2.090(2)
Co(1)–B(10) 2.136(4)–2.128(4); 2.121 2.131(5)–2.162(5); 2.152 2.118(2) 2.107(2)
Co(1)–B(11) 2.074(4)–2.093(4); 2.080 2.073(5)–2.115(5); 2.097 2.088(2) 2.088(2)
CoÆÆÆC2B3 1.482–1.492; 1.487 1.485–1.494; 1.489 1.478 1.476
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pseudo-torsion angles S(1A)B(9A)B(9B)S(1B) and
S(1C)B(9C)B(9D)S(1D) for two rotamers being equal to
175 and 124�. The C–C, C–B, Co–C, and Co–B bond
lengths for both DD/LL- and meso-[1]+ cations vary in
a rather large range, Table 1, indicating the high flexi-
bility of the framework.

This feature makes the detailed discussion of the
intramolecular distances meaningless. Nevertheless, it
can be noted that the CoÆÆÆC2B3 distances in cations DD/
LL-[1]+ (1.482–1.492 Å; av 1.487 Å) and meso-[1]+

(1.485–1.494 Å; av 1.489 Å) are only slightly longer than
in the bis(dicarbollide) anionic complex [Co(g-7,8-
C2B9H11)2]

� (1.465, 1.475 Å; av 1.470 Å) [32].
The analysis of the crystal packing in DD/LL-[1]BF4

revealed that the BF4
– anions form unusually short FÆÆÆS

(FÆÆÆS 3.068(3)–3.158(4) Å, C–SÆÆÆF 161–170�) and

C–HÆÆÆF (CÆÆÆF 3.165(3)–3.301(4) Å, HÆÆÆF 2.16–2.53 Å,
C–HÆÆÆF 123–167�) contacts with cations, assembling
them in layers, Fig. 2, thus suggesting that the charge
transfers from the fluorine lone pair to the S–C anti-
bonding orbital. The contact pattern in the crystal of
meso-[1]BF4 is quite similar to that observed for
DD/LL-[1]BF4 with contact parameters CÆÆÆF
2.981(3)–3.347(4) Å, HÆÆÆF 2.19–2.52 Å, C–HÆÆÆF 132–
163� and FÆÆÆS 3.104(5)–3.228(5) Å, C–SÆÆÆF 168.4–173�;
however in this case the cations and anions are assem-
bled in a 3-dimensional framework.

The structure of the neutral compound 2, containing
both mono- and dianionic carborane ligands, was also
determined by X-ray diffraction, Fig. 3.

Complex 2 crystallizes with one THF molecule which
forms rather short intermolecular C–HÆÆÆO contact with

Fig. 2 The fragment of the
crystal structure of DD/LL-
[1]BF4 showing the anion-
cation interactions. Six top
boron atoms of each carborane
ligand and the BH hydrogen
atoms are omitted for clarity

Fig. 3 Structure of 2 showing
C–HÆÆÆO interaction with THF
molecule. All hydrogen atoms
except H(7) are omitted for
clarity
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the CH vertex of the substituted carborane ligand
(C(7)ÆÆÆO(1) 3.124(3) Å, H(7)ÆÆÆO(1) 2.08 Å, C(7)–
H(7)ÆÆÆO(1) 162�). The CoÆÆÆC2B3 distances are practically
the same for both carborane ligands (1.478, 1.476 Å)
and are very close to the corresponding values for DD/
LL-[1]+, meso-[1]+, and [Co(g-7,8-C2B9H11)2]

� (vide
supra). Thus, the metal-ligand distance is practically
independent of the presence of the Me2S substituent
suggesting its insignificant influence on the electron
distribution in the metalla-carborane cage.

As illustrated in Fig. 4, which refers to a DD/LL
mixture of [1]+, all the present bis(dicarbollide)-CoIII

complexes give rise in CH2Cl2 solution to two sequen-
tial, chemically reversible, one-electron reductions.

Controlled potential coulometry corresponding to the
first reduction (Ew = �0.8 V) consumed one-electron
per molecule. As a consequence of the exhaustive

reduction the original light orange solution (kmax =
466 nm) turns yellow (kmax = 455 nm), and cyclic and
hydrodynamic voltammetries [33] afforded responses
quite complementary to the original one, thus confirm-
ing the stability of the neutral [1]0. Analysis of the per-
tinent cyclic voltammetric responses with scan rates
varying from 0.02 Vs�1 to 2.00 Vs�1 confirmed the
nature of a simple one-electron transfer [33].

In order to confirm that, as happens for the classical
[CoIII (C2B9H11)2]

� [2,3], the two reduction processes are
cobalt-centred, or involve the sequence CoIII /CoII /CoI,
EPR spectroscopy on the exhaustively one-electron re-
duced solution was carried out.

Figure 5a shows the Liquid Nitrogen (T = 100 K)
X-band EPR spectrum (first derivative mode) of the
electrogenerated [1]0 in CH2Cl2 solution. The complex
lineshape analysis can be suitably carried out in terms of
the S = 1/2 Hamiltonian, taking into account the
anisotropic Zeeman and metal hyperfine interactions as
basic paramagnetic contributions [34, 35].

Likely due to either the significant Co Spin Orbit
coupling constant contribution or the presence of
geometrical distortion, the anisotropic signal is very
broad even if partially resolved [36]. The appearance
of the minor spurious signals (starred peaks) and the
intense narrow signal at gaverage @ gDPPH testify to the
presence of minor paramagnetic impurities, which, as
illustrated in Fig. 5b, affect the simulation analysis (in
particular in the high-field region) [37, 38]. Notwith-
standing, the actual spectrum can be classified as
rhombic, with gi values typical of 3d

7 Low Spin Co(II)
complex: gi „ gelectron=2.0023, kCo<0, as confirmed
by the appearance of the expected cobalt octuplet.
(59Co: I=7/2, natural abundance=100%), even if
accompanied by a significant overlap of the aniso-
tropic signals.

The pertinent computed parameters are: gl = 2.288(8),
gm=2.102(8), gh=1.988(8),<g>=2.126(8), al(Co)=
70(8)G 100, am(Co) = 100(8)G 50, ah(Co) = 75(8)G 50,
<a>(Co) = 82(8)G 67.

No evidence for superhyperfine (shpf) magnetic cou-
pling of the unpaired electron with protons (1H: I=1/2,
natural abundance=99.98%) and boron (10B: I=3,
natural abundance=19.6%; 11B: I=3/2, natural abun-
dance=80.4%) has been gained (an upper limit for such
paramagnetic interactions can be evaluated as
ai(

1H,10B,11B) < DHi).
The present spectral features point out the funda-

mental contribution of the 3d Co A.O.’s to the actual
SOMO, and the very minor contributions of the proton
and boron orbitals.

With rising temperature, the paramagnetic signal
rapidly drops out and at temperatures higher than
165 K the solution becomes EPR mute. Such spectral
behavior is not unusual and testifies to the severe effect
of thermal contributions to the experimental line widths
and the Electron Spin relaxation times.

Refreezing the fluid solution quantitatively restores
the rhombic signal, confirming the chemical stability of

Fig. 4 Cyclic voltammogram recorded at a platinum electrode in
CH2Cl2 solution of DD/LL-[1]+ (0.8·10�3 M). [NBu4][PF6]
(0.2 M) supporting electrolyte. Scan rate 0.2 Vs�1

Fig. 5 a Experimental X-band EPR spectrum recorded in CH2Cl2
solution of electrogenerated [1]0. T=105 K. b Simulated spectrum
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the paramagnetic [CoII (g-9-SMe2-7,8-C2B9H10)2]
0 in

different experimental conditions.
The formal electrode potentials for the one-electron

reductions of the complexes under study are compiled in
Table 2, together with those of related complexes.

As shown, charge compensation of the dicarbollide
ligands through functionalisation of one of the boron
atoms of the coordinating C2B3 face, decreasing the
overall negative charge, makes the electron addition
easier with respect to the classical [7,8-C2B9H11]

2�. In
particular, each [9-SMe2-7,8-C2B9H10]

� ligand facilitates
the reduction by about 0.5 V.

Let us now pass to the series of charge-compensated
dicarbollide complexes [(C5R5)Co(g-9-L-7,8-
C2RxB9H10-x)]

+ ([3a–d]+) illustrated in Chart 4.

As happens for the previous monocations [1]+, the
present monocations [3a–d]+ undergo two chemically
reversible one-electron reductions. Figure 6 representa-
tively shows the cyclic voltammetric behavior of [3c]+ in
CH2Cl2 solution.

The formal electrode potentials for the one-electron
reductions of the actual monocations are compiled in
Table 3, together with those of related complexes.

Apart from the expected higher electron-donating
ability of C5Me5 vs. C5H5, which makes difficult the
reduction process of [3d]+ by 0.2 V with respect to
[3c]+, comparison between [3a]+ and [3b]+ shows that
insertion of the two electron-donating methyl groups in
the carbon atoms of the pentagonal face has little effect
on the redox potentials, suggesting that the electron flow
to the central cobalt atom is little affected by the carbon
atom substituents.

In turn, comparison between [3a–d]+ and [1]+ (meso
or racemate forms) indicates that [9-SMe2-7,8-
C2B9H10]

� is markedly less electron-donating than
[C5Me5]

�.

Let us finally pass to the cyclobutadiene complexes
(C4Me4)Co(g-9-L-7,8-C2RxB9H10-x) (4a–d) illustrated in
Chart 5.

As a typical example of the structural and electro-
chemical behavior of such class of compounds, Fig. 7
shows the molecular geometry and the redox activity of
complex 4a [39].

Interestingly, the CoÆÆÆC2B3 distance in 4a (1.457 Å) is
slightly shorter than the corresponding values for the
bis(dicarbollide) complexes DD/LL-[1]+ (av 1.487 Å)

Chart 4

Chart 5

Table 2 Formal electrode potentials (V, vs. SCE) for the reduction processes of the bis(dicarbollide)-Co(III) complexes under study and
related species

Complex E�¢Co(III)/Co(II) DEa
p E�¢Co(II)/Co(I) DEa

p Solvent Ref.

[DD/LL-1]+ �0.37 68 �1.22 72 CH2Cl2 b
[ meso-1]+ �0.41 60 �1.24 60 CH2Cl2 b
[2]0 �0.89 80 �1.78 84 CH2Cl2 b
[Co(7,8-C2B9H11)2]

� �1.43 �70c �2.45 �70c THF 3
[Co{(7,8-C2B9H11)2-C3N2H3}]

0 �0.59 – �1.80 – MeCN 23

aMeasured at 0.2 Vs�1; bPresent work; cSee Ref. [3]

Fig. 6 Cyclic voltammogram recorded at a platinum electrode in
CH2Cl2 solution of [3c]BF4 (1.0·10�3 M). [NBu4][PF6] (0.2 M)
supporting electrolyte. Scan rate 0.2 Vs�1
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and meso-[1]+ (av 1.489 Å), which is apparently con-
nected with greater back-donation in the case of 4a due
to the electron-donating effect of the Cb* ligand.

Complex 4a undergoes two sequential oxidation pro-
cesses, only the first one having features of chemical
reversibility. In fact, controlled potential coulometry
proved that the first process involves a one-electron re-
moval. The resultingmonocation [4a]+ proved to be quite
stable (after exhaustive oxidation, the cyclic voltammetric
profile was quite complementary to the original one).

Unfortunately, UV-vis-NIR and EPR spectroelect-
rochemical measurements carried out upon stepwise
oxidation were not conclusive about the original Co
oxidation state, in that the UV-vis spectrum simply
showed the appearance of a band at k=390 nm attrib-
uted to d-d transition. Nevertheless, the EPR features of
the spectrum recorded upon one-electron removal, looks
compatible with the generation of a low-spin Co(II)
derivative [39].

In this light, under the assumption that the original
complex has a Co(I) oxidation state, Table 4 summa-
rizes the electrode potentials for the Co(I)/Co(II)/
Co(III) sequence.

Comparison between 4a and 4b further confirms that
the insertion of substituents in the carbon atoms of the
dicarbollide ligand does not exert inductive effects on the
redox potentials.

As a final consideration, based on the separation of
the redox potentials of the sequence Co(I)/Co(II)/
Co(III) in all the classes of compounds studied here, one
can estimate the stability of the respective Co(II) inter-
mediates towards disproportionation (through the
comproportionation constant) [33].

The average values of the disproportionation con-
stant for the complexes illustrated in Charts 3, 4, 5,
respectively, are the following:

Co IIIð Þ � bis dicarbollideð Þ½ �

Kdisp ¼ 2:9� 10�15

cyclopentadienylð ÞCo IIIð Þ dicarbollideð Þ½ �

Kdisp ¼ 1:8� 10�17

cyclobutadienylð ÞCo Ið Þ dicarbollideð Þ½ �

Kdisp ¼ 3:9� 10�18

which support the great stability of the different ligand
assemblies in the Co(II) oxidation state.

Fig. 7 a X-Ray structure of
4a. b Cyclic voltammogram
recorded at a platinum
electrode in CH2Cl2 solution of
4a (1.3·10�3 M). [NBu4][PF6]
(0.2 M) supporting electrolyte.
Scan rate 0.2 Vs�1

Table 3 Formal electrode potentials (V, vs. SCE) for the reduction processes of the monocations [3a–d]+ and related species

Complex E�¢Co(III)/Co(II) DEa
p E�¢Co(II)/Co(I) DEa

p Solvent Ref.

[3a]+ �0.91 62 �1.9b – CH2Cl2 c
[3c]+ �0.67 68 �1.67 72 CH2Cl2 c
[3d]+ �0.87 64 �1.9b – CH2Cl2 c
[3b]+ �0.96 60 �1.9b CH2Cl2 c
[(C5Me5)Co(g-7,8-C2B9H11)]

0 �1.18 �70d �1.80 – THF 3

aMeasured at 0.2 Vs�1;
bPeak-potential for irreversible processes;
cPresent work;
dFrom Ref. [3]

Table 4 Formal electrode potentials (V, vs. SCE) for the oxidation
processes of the series 4a–d

Complex E�¢Co(I)/Co(II) DEa
p Eb

p Co(II)/Co(III)

4a +0.57 80 +1.7
4b +0.57 75 +1.4
4c +0.50 78 +1.6
4d +0.54 90 +1.6

aMeasured at 0.05 Vs�1;
bPeak-potential for irreversible processes
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Experimental

Materials and methods

Synthesis of complex (g-7,8-C2B9H11)Co(g-9-SMe2-7,8-
C2B9H10) (2) has been carried out according to literature
reference [31]. Synthesis of meso- and DD/LL-[1]BF4

([Co(g-9-SMe2-7,8-C2B9H10)2]
+ ([1]+)) will be described

elsewhere.
Synthesis and X-ray structures of complexes [3a–

d]BF4 {[(C5R5)Co(g-9-L-7,8-C2RxB9H10-x)]
+} will be

described elsewhere.
Materials and apparatus for electrochemistry and

spectroelectrochemistry [40] and EPR [41] measurements
have been described elsewhere. Potential values are re-
ferred to the saturated calomel electrode (SCE). Under
the present experimental conditions, the one-electron
oxidation of ferrocene occurs at E�¢ = +0.39 V.

X-Ray crystallography

Crystals of complexes meso-[1]BF4 and DD/LL-[1]BF4

suitable for X-ray diffraction were grown by slow dif-
fusion in a two-layer system: petroleum ether/solution
of complex in acetone-d6, placed in an NMR tube.
Crystals of 2 were grown by slow evaporation of ben-
zene solution. X-Ray diffraction experiments were
carried out with a Bruker SMART 1000 CCD area
detector, using graphite monochromated Mo-Ka radi-
ation (k=0.71073 Å, x-scans with a 0.3� step in x and

10 s per frame exposure) at 110 K. Low temperature of
the crystals was maintained with a Cryostream (Oxford
Cryosystems) open-flow N2 gas cryostat. Reflection
intensities were integrated using SAINT software [42]
and absorption correction was applied semi-empirically
using a SADABS program [43]. The structures were
solved by direct method and refined by the full-matrix
least-squares against F2 in anisotropic approximation
for non-hydrogen atoms. All polyhedron hydrogen
atoms were located from the Fourier density synthesis
and refined in isotropic approximation. The analysis of
the Fourier electron density in the crystal of meso-
[1]BF4 has revealed that one of the BF4

– anions is dis-
ordered by two positions with occupancies equal to 0.4
and 0.6. Crystal data and structure refinement param-
eters for DD/LL-[1]BF4, meso-[1]BF4, and 2 are given
in Table 5.

All calculations were performed using the SHELXTL
software [44].

The crystallographic data have been deposited with
the Cambridge Crystallographic Data Center, CCDC
257416 for DD/LL-[1]BF4, CCDC 257417 for meso-
[1]BF4, and CCDC 257415 for 2. Copies of this infor-
mation may be obtained free of charge from: The
Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (Fax: +44-1223-336-033; e-mail: depos-
it@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Acknowledgements P.Z. acknowledges the financial support of the
University of Siena (PAR 2003). A.R.K. is grateful to General
Chemistry and Material Science Division of Russian Academy of
Sciences for financial support (Grant No 05–07).

Table 5 Crystal data and
structure refinement parameters
for complexes DD/LL-[1]BF4,
meso-[1]BF4, and 2

Compound DD/LL-[1]BF4 meso-[1]BF4 2

Empirical formula C8H32B18CoS2BF4 C8H32B18CoS2BF4 C6H27B18CoSÆC4H8O
Formula weight 532.78 532.78 456.95
Crystal colour, habit light-orange prism orange prism orange plate
Crystal size (mm) 0.50·0.40·0.30 0.50·0.45·0.40 0.40·0.10·0.10
Temperature (K) 110(2) 110(2) 100(2)
Crystal system Monoclinic Orthorhombic Triclinic
Space group P21/n Pna21 P-1
a (Å) 15.031(4) 15.515(2) 6.8357(7)
b (Å) 17.437(6) 30.530(4) 11.369(1)
c (Å) 19.144(7) 10.4775(15) 15.174(2)
a (�) 91.738(2)
b (�) 91.889(7) 95.935(2)
c (�) 90.516(2)
V (Å3) 5015(3) 4962.9(12) 1172.3(2)
Z (Z¢) 8(2) 8(2) 2(1)
F(000) 2160 2160 472
Dcalc (g cm�3) 1.411 1.426 1.295
l (cm�1) 8.80 8.89 8.24
2h max (�) 60.00 60.0 60.0
Reflections measured 40722 32965 12622
Independent reflections (Rint) 14357[0.0671] 14270[0.0383] 6527[0.0324]
Observed reflections [ I>2r(I)] 6684 10171 4978
Parameters 778 769 404
R1 (on F for obs. refls) 0.0623 0.0522 0.0474
wR2 (on F2 for all refls) 0.1339 0.0990 0.1005
GOF 1.071 1.038 0.984
D q max, D q min (e Å�3) 0.743, �0.587 0.731, �0.422 0.852, �0.534
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