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Crystal structure analyses facilitate
understanding of synthetic protocols in the
preparation of 6,6’-dibromo substituted BINOL
compounds

Marco Agnes,“’b Alessandro Sorrenti,” Dario Pasini,” Klaus Wurst® and David B.
Amabilino®

A combination of crystallographic and spectroscopic techniques has been used in order to
address thorough purification protocols for a series of atropoisomeric 1,1’-binaphthalene-2,2’-
diol (BINOL) derivatives, to be used as building blocks for chiral nanoscale constructs. The
compounds were obtained following an initial electrophilic aromatic bromination reaction at
the 6,6’ positions of BINOL, which was used either in racemic or enantiopure form. The
presence of regioisomeric compounds, in which bromine atoms are located at different
positions of the naphthalene skeletons, could be hinted at using classical spectroscopies (‘H
NMR and IR), and fully confirmed by single crystal X-ray analysis of the solids formed during
crystal growth of the crude products, where solid solutions are identified in part thanks to the
presence of bromine that is a relatively heavy atom. If purification by recrystallization in
suitable solvents is not performed, further chemical elaboration by means of alkylation on the
2,2’-phenolic positions produce compounds in which the regioisomeric impurities are still
present. The set of five X-ray structures highlights interesting packing features, extremely
useful for the crystal engineering of nanostructures integrating these axially-chiral building

blocks.

Introduction

The translation of molecular chirality into supramolecular and
nanoscale chirality have been the subject of intense research
activity in recent years, and ordered chiral nanostructures have
demonstrated potential for a number of bulk materials
applications.' Substituted 1,1'-binaphthyl derivatives are a
versatile class of compounds — chiral thanks to atropoisomerism
because of hindered rotation around the bond linking the
naphthyl groups — which have found applications in many
different areas of chemistry.? Their chirality is a result of the
angle between the aromatic rings caused by steric interactions
and the restricted rotation around naphthalene-naphthalene
bond mean that the enantiomers can be isolated in certain cases.
The rigid structure and the C, symmetry of the binaphthyl
skeleton are key factors in the efficient transfer of the chiral
information. As a consequence of the favourable properties,
these synthons have become attractive molecular modules in
fields as diverse as asymmetric catalysis,® chiral supramolecular
recognition* and crystal engineering.’ Recent applications as
building blocks for polymers,® and for chiroptical sensing have
also emerged.’” Perhaps the most common derivative, amongst
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the class of substituted 1,1'-binaphthyl derivatives, is 2,2'-
dihydroxy-1,1'-binaphthyl (1, Fig. 1), often referred as BINOL.
Its basic skeleton can be conveniently functionalized in various
positions; the most frequent ones are the 4,4' and 6,6' positions,
but access to the 3,3'-positions is also well documented.?®*

The functionalization in the 6,6 positions is most frequently
achieved by means of an electrophilic bromination on the
naphthalene rings. A plethora of synthetic opportunities, such
as arylation and vinylation reactions via Stille or Suzuki-type
couplings, has then been utilized to substitute the bromine
atoms with specific functionalities.?>*®

During the course of a continuing project dealing with the use
of BINOL-based building blocks for functional nanostructures,’
to 6,6’-disubstituted BINOL
derivatives. In this paper, we report five novel crystal structures
for a series of 6,6’-disubstituted BINOL derivatives, either in

their racemic or enantiopure form. We describe how a

we turned our attention

combination of crystallographic and spectroscopic techniques
have been used in a synergic way in order to identify minor
amounts of impurities, and thus to set up thorough purification
protocols to be used in the synthesis of these popular BINOL-
based synthons. The results are obtained after a bromination of
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the parent compound, and the identification of the impurities
has been achieved thanks to the presence of bromine that is a
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heavy atom easily identifiable by X-ray crystallography.
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Fig. 1 Chemical structures of the compounds used in this study. Only (R) enantiomers are shown.

Results and Discussion

Synthesis, NMR Characterization and Purification
Procedures. The compounds described in this paper are shown
in Fig. 1. They were synthesized using protocols described in
the literature, or with minor modifications with respect to the
reported procedures. The reactions were carried out on either
racemic (RS)-1 or enantiopure (R)-1, both commercially
available compounds.

Compound 2 was prepared by electrophilic bromination of
compound 1.° Derivatization at the 2,2’ phenolic positions was
conducted in two different ways, under reaction conditions already
established as non racemizing: a) protection  with
methoxyethoxymethyl (MEM) chloride to give compound 3'° and b)
alkylation in mild basic conditions (Cs,COs, DMF)!! to get the
diester compound 4.

Br
COL, o *
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Fig. 2 '"H-NMR spectra of (R)-2 before (a) and after crystallization from different
mixtures of solvents: CH,Cly/cyclohexane (b) and toluene/n-hexane (c). The red
arrows indicate the impurity.

The bromination step to give 2 has been reported to date to be
nearly quantitative and regiospecific for the 6,6’-positions as a
consequence of the strong electron donating character of the—
OH groups in the 2,2’-positions.”

2| J. Name., 2012, 00, 1-3

However, the "H-NMR spectra of either enantiopure or racemic
2 after workup of the reaction showed some impurities in the
aromatic region (Fig. 2a and Fig. S1). The impurities could not
be readily attributed to a specific organic compound; the few
small peaks not covered by other resonance signals (a doublet
at 8.52 ppm, a multiplet at 7.49 ppm and a doublet at 6.93 ppm)
hinted at a regioisomer in which the bromine atoms are placed
at different positions on the two naphthalene units.

Impurities could be estimated to be around 10-12% of the product,
and could not be removed by column chromatography. Complete
purification of 2 (see NMRs Fig. 2b and 2c¢ and Fig. S1) was
achieved following standard crystallization protocols, screening
different mixtures of solvents and evaluating the purity of the
products after crystallization using '"H NMR spectroscopy. All the
signals related to the impurities disappeared in the spectra taken after
the crystallization from the solvents specified in Table 1 (entries 1-3
for compounds 2). These crystallization solvent combinations can be
therefore considered adequate for the purification. This compound,
and the other chiral ones in this series, was characterised by circular
dichroism spectroscopy that shows the expected exciton chirality for
the enantiomer used in the synthesis (see ESI).

IR spectroscopy was also informative and supported the presence of
impurities in the initially isolated material (Fig. S2). The peak at 734
cm™ in the spectrum of (R)-2 immediately after the work up could
correspond to stretching frequencies of C-Br bonds (usually in the
region between 730 and 750 cm) in different halogenated
This data
dibromosustituted BINOL in which the two bromine atoms are at

impurities. could also be consistent with a
different positions of the naphthalene units. After the purification by
crystallization from the appropriate mixture of solvents (Table 1),
the peak at 734 cm™ is no longer present (Fig. S2, bottom). The
absence of this peak demonstrates that unsymmetrically halogenated
products have been removed successfully in this crystallisation; for
comparison, the C-Br bond in the monohalogenated (symmetrical)
pure product 2 stretches at 670 cm™.

When regioisomerically contaminated samples of 2 were
brought to the following synthetic steps without prior
purification by crystallization, further purification of 3 or 4 by
crystallization was not possible, and solid solutions of the
different regioisomers were found in the X-ray crystal structure

analysis (vide infra). On the other hand, regioisomerically pure
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samples of compound 2 were able to generate, after chemical
modifications, regioisomerically pure samples of 3 and 4.

Table 1 Solvent combinations used in the crystallization of compounds 2-4.

Entry Compound  Mixture of solvents® Outcome®
1 (RS)-2 toluene/cyclohexane Purified
2 (R)-2 CH,Cly/cyclohexane Purified
3 (R)-2 toluene/n-hexane Purified
4 (RS)-3 CHCI;/EtOH Not Purified
5 (RS)-4 CH,CL/EtOH Not Purified

a) All solvents used in a 1:1 volumetric ratio; b) Purified or not purified
from the presence of contaminating regioisomers.

Optical microscope and X-ray structure analyses of single
crystals. Crystals of the compounds (grown under the
conditions shown in Table 1) were inspected using a polarising
optical microscope, checking for the birefringence that should
characterise single crystals. The morphologies of the crystals
evidenced marked differences depending on the degree of
regioisomeric purity of the compounds (Fig. 3 and Supporting
Information).
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expected value. The molecules pack forming what can be
described as interdigitated layers. Within the layers O-H---O
hydrogen bonds between hydroxyl groups in adjacent
molecules (H---O distance 2.13 A, O-H---O angle 164°) and C-
H---7 interactions between molecules (H---C distance 2.88 A,
C-H-C angle 123°) are present (see Table in ESI for details).
Between the sheets, interactions between bromine atoms and
protons on neighbouring molecules are apparent (C-Br---H-O,
H---Br distance of 2.74 A and C-Br---H-C, H---Br distance of
3.02 A).

100 pm m
Fig. 3 Morphology of crystals of 3. The micrograph on the left shows crystals
obtained after chemical functionalization from samples of 2 contaminated with
regioisomers, while the formation of much higher quality single crystals (on the
right) were obtained after chemical functionalization starting
regioisomerically pure 2.

from

It is interesting to note that, although large amount of literature
references can be found for the preparation of 2 (racemic or
enantiopure), the X-ray structure of this compound has not been
reported before. In previous papers, x-ray structures had been
reported, but it was crystallised with the addition of secondary
molecules, helping the crystal formation that are incorporated
in the asymmetric unit.'?

The crystal structure of (R)-2 shows the characteristic quasi-
perpendicular disposition of the naphthyl rings (Fig.4), where
the torsion angle at the positions bearing the oxygen atoms is -
105°. The compound crystallises in the P2;2,2; space group
The Flack
parameter for this chiral compound is in accord with the

with four identical molecules in the unit cell.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Views of the crystal structure of (R)-2. An image of the molecule (top) and
its packing (below) seen along the a axis with short contacts indicated by light
blue dotted lines.

The crystal structure of (RS)-2 shows a similar quasi-
perpendicular disposition of the naphthyl rings to the
enantiopure compound, where the torsion angle at the positions
bearing the oxygen atoms is somewhat lower (£85°). The
material is a true racemic compound in which the enantiomers
are located at well defined position in the crystal lattice. The
space group is P2;/n. The structure is formed by homochiral
tapes in which the molecules are joined through hydrogen
bonds (Fig. 5, see Table in ESI for details), where consecutive

J. Name., 2012, 00, 1-3 | 3
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molecules in the tape are joined through an O-H:--O interaction
between hydroxyl groups (H---O distance 2.15 A, O-H---O
angle 142°) and O-H-- & interactions (H:--C distances 2.70 and
2.82 A). These homochiral tapes pack into racemic sheets
where there is an alternation of the chirality in each tape that
comprises the layer (Fig. 6). The sheets are formed thanks to
short contacts between bromine atoms and hydrogen atoms (C-
Br---H-C, H---Br distance of 3.05 A Br2—HS5) and between a
hydrogen and carbon atom in the naphthyl system within the
tape (consistent with a C-H:- 7 interaction, H---C distance 2.96
A, C-H-C angle 158°, HI18—C3A). These corrugated
heterochiral sheets stack on top of one another in the crystal
with a short C-Br---H-C interaction (distance of 2.90 A, Br2—
H8), and a n-m-interaction of 3.59 A (C15—C17A).

Fig. 5 View of the homochiral tapes in the crystal structure of (RS)-2. Short
contacts indicated by light blue dotted lines.

Fig. 6 View of the heterochiral sheets in the crystal structure of (RS)-2. Short
contacts indicated by light blue dotted lines.P and M correspond to the helical
chirality of each molecule.

Enantiopure (R)-3 — in which the oxygen atoms attached to the
naphthyl moieties are now of the ether type — stacks in its
crystals forming dimers (Fig. 7). These two molecules have
distinct conformations (the torsion angles between the naphthyl

4| J. Name., 2012, 00, 1-3
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rings are -72° and -101°) and there are two non-equivalent
dimers. In one dimer the distance between m systems is 3.34 A
at its smallest (there is a slight splaying) and this interaction is
accompanied by a C-H---7 interaction (H---C distance 2.80 A,
C-H-C angle 140°) from one of the methylene units in the chain
attached to the binaphthyl moiety. In the other the distance
between 1 systems is 3.39 A at its smallest (there is a slight
splaying) and this interaction is accompanied by a C-H--'=m
interaction (H---C distance 2.89 A, C-H-C angle 161°) from one
of the methylene units in the chain attached to the binaphthyl
moiety. There are also C-H---O interactions present in both
dimers (indicated in Fig. 7). These two dimers alternate in a
chain that runs along the b axis of the crystal. Between these
chains there are interactions between bromine and hydrogen
atoms seen in the other compounds in this series.

Fig. 7 Views of the non-equivalent dimers in the crystal structure of (R)-3. Short
contacts indicated by light blue dotted lines.

This journal is © The Royal Society of Chemistry 2012
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Fig. 8 Views of the heterochiral chains in the crystal structure of (RS)-3. Top side-
on and below a perspective view along the chains. Short contacts indicated by
light blue dotted lines.

In the racemic modification of 3, a true racemic compound is
formed with a structure pertaining to the P-1 space group and in
which chains of alternating chirality zig-zag down the a axis
(Fig. 8). There are no significant interactions between =
systems (in contrast to the enantiopure compound), instead the
alternating R and S molecules are connected through a series of
C-H:--O and C-H:---=& interactions. Like chirality molecules are
located “on top” of one another with the enantiomer making a
non-covalent link between them through the bridging achiral
side-groups.

The racemic form of 4, in common with 3, is a racemic
compound where rows of one enantiomer line up next to a row
of the other and where weak hydrogen bonds unite the
molecules (Fig. 9). Again, the space group is P-1, but in this
case the molecules form a sheet in the ab plane. As for 3, the
achiral side-groups link enantiomers non-covalently and like
enantiomers are atop one another presumably as propellers
stack on top of one another: Although there is no direct contact
between them it is clear that one enantiomer in this position

This journal is © The Royal Society of Chemistry 2012
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would not fit in a dense packing arrangement. It is therefore the
interactions between these “stacks” that lead to the racemic
compound. The shortest non-covalent bonds involve the
carbonyl group that forms a trifurcated hydrogen bond with
three C-H groups (H---O distances 2.43, 2.52 and 2.67 A, C-H-
C angles174°, 157° and 134°, respectively) and the head-to-tail
stacked carbonyl groups along the a-axis (C---O distance 3.05
A, C-O-C angles 102°).

SC A

§
/
f

Fig. 9 View of the heterochiral sheet in the crystal structure of (RS)-4. The chains
shown run along the b axis, short contacts between carbonyl oxygen atoms (in
red) and hydrogen atoms are indicated by light blue dotted lines. Enantiomers are
shown in green and blue, respectively

Disorder of the bromine atoms in the structures. It was
during the study of the crystals of (RS)-4 that the presence of
regioisomers was discerned: The bromine atoms should
formally be located at the 6 and 6’ positions assuming a totally
selective reaction, but in the solid state structure they were also
evident (because of electron density in the diffraction data) in
low proportions at the 5 or 5’ positions (but not at both in the
same molecule apparently). This occupational disorder also led
to a positional disorder caused by the proximity of bromine
atoms in the “wrong” positions in neighbouring molecules.
This solid solution can be interpreted through the presence of
four molecules, which are shown in Figure 10. They are the
main and desired 6,6’ isomer (84%, top in Figure 10), a
molecule resulting in disorder because of bromination at the
Br2A position (6%, next to top in Figure 10), an isomer
resulting in disorder because of bromination at Br1 A (4%, next

J. Name., 2012, 00, 1-3 | 5



CrystEngComm

to bottom in Figure 10) and a form of the desired isomer (6%,
bottom in Figure 10) with a more twisted conformation than the
major component, a distortion that arises because of an
interaction between Br2A of one molecule with Brl of a
neighbouring molecule in the cell.

EBr2a)

BriA) &)

6 | J. Name., 2012, 00, 1-3

Fig. 10 Four molecules present in the solid solution formed by (RS)-4 and
impurities in it. The top image shows the main and desired compound, below it
different isomers of the compound with bromine atoms at 5 and 6 positions, and
bottom the desired isomer with positional disorder caused by the proximity of
bromine atoms from the impurities.

In detail, the major bromine positions Brl at C6 with
occupancy of 0.90 and Br2 at C17 with 0.88 come from the
main compound. BrlA at C5 with occupancy of 0.04 and Br2A
at C16 with 0.06 come from the impurity of the isomeric
compound. Within the cell, the Br2A position has a distance of
2.62 (and 2.67) A to Brl (and BrlA) of a neighbouring
molecule. This distance is too close for comfort and the
neighbouring molecule will be twisted. Therefore positional
disorder around Brl and Br2 (twisting) occurs by the additional
position Br1B and Br2B, each occupied with 0.06. The BrlA
position also shows a short distance to the position Br2B with
2.74 A, but because of the 4% and 6% distribution of these
positions this plays no further role. Because only 6% of
neighbouring molecules are twisted, this disorder could not be
observed at the carbon atoms (low movement and anisotropic
displacement parameters appear normal).

This disorder and the result that is a solid solution makes the
purification of the compound at this stage of the synthesis of
derivatives of these compounds unfeasible by crystallization.

Conclusions

The electrophilic aromatic bromination reaction of BINOL
leads predominantly to reaction at the 6,6’ positions but
alternatively at the 5.5 The
regioisomeric compounds was revealed definitively by single

positions. presence of
crystal X-ray analysis of the solids formed during crystal
growth of the crude products after subsequent reactions that
showed the presence of solid solutions, a fact that was possible
because bromine — being a heavy atom — is easily located by
crystallography. Thus, the purification of the 6,6’-dibromo-
1,1’-binaphthalene-2,2’-diol is essential before further reactions
are performed.

In all the racemates studied here, the racemic compound is the
favoured form in the crystal. While homochiral associations can
be picked out in the crystals — largely because of steric
that
enantiophobicity'? at the stack level — the columns or layers

interactions between non-like enantiomers leads to
come together in alternate fashion. The enantiopure compounds
pack thanks to relatively weak interactions on the whole, and
these are apparently overcome to make the racemic compounds.
The structures provide important information for the design of
new binaphthyl compounds that are synthetically easily
accessed and that may lead to interesting properties as chiral
materials.

Experimental Section

Synthesis. The starting material (RS)-1 (racemic) and (R)-1
((H)-BINOL) were purchased by Sigma-Aldrich with a purity of
99%, and used as received. All other commercially-available
compounds and reactants were used as purchased. THF and

This journal is © The Royal Society of Chemistry 2012
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CH,Cl, were dried and distilled before use. Compounds (R)- or
(RS)-2,° (R)- or (RS)-3,'"° were prepared following published
procedures. Thin layer chromatography was performed on silica
gel on aluminium plates, and flash chromatography was
performed on silica gel, pore size 60 A. "H-NMR spectra were
recorded on 300 MHz and 400 MHz spectrometers in CDCl;
solutions with the solvent residual protons or TMS as internal
standards. IR spectra were recorded using a Perkin Elmer
spectrometer with attenuated total reflection attachment. Mass
spectra were recorded using a Bruker MALDI instrument in
reflectron mode. Circular Dichroism spectroscopy (Fig. S9)
was performed in 1 cm quartz cells recording the spectra at
25°C using a JASCO spectropolarimeter at a scanning speed of
50 nm min™' and pure solvent spectra were subtracted.

Compound (R)-4."" A suspension of (R)-2 (3.04 g, 6.85 mmol, 1
eq) and Cs,CO3(15.81 g, 48.5 mmol, 7 eq) in DMF (100 mL)
was stirred for 30 min at room temperature and thenethyl
bromoacetate(3 mL, 27.1 mmol, 4 eq) was added at once. The
pale yellow solution was stirred overnight. H,O (120 mL) was
added, and the homogeneous solution was extracted with Et,O
(3 x 250 mL), and then the organic phase dried (MgSOy).
Purification by flash chromatography (SiO;; hexanes—ethyl
acetate, from 75/25 to 60/40) yielded (R)-4 as a yellowish solid
in quantitative yield. IR (ATR, cm_l) 2980, 1730, 1580, 1490,
1190. 'H NMR (CDCl;, 300 MHz, 25 °C) = 8.03 (d, 2H;
binaphthyl), 7.86 (d, 2H; binaphthyl), 7.35-7.30 (m, 4H;
binaphthyl), 7.06 (d, 2H; binaphthyl), 4.56 (dd, 4H; -
OCH,COO-), 4.13 (q, 4H; -COOCH,CH;), 1.18 (t, 6H; -
COOCH,CH;)."*C NMR (CDCls, 75 MHz, 25 °C) 6 = 168.9
(Cqua)> 153.8 (Cquar)s 132.3 (Cguan)s 130.7 (Cguar), 129.9 (CH),
129.8 (CH), 128.9 (CH), 127.3 (CH), 119.7 (Cgu), 118.0
(Cqua)> 116.0 (CH), 66.7 (CH,), 61.1 (CH,), 14.0 (CH3).

Crystallization procedure. All the crystallization processes
were obtained following the same procedure: first of all, the
products (2, 3, 4) both in the enantiomeric (R) and racemic (RS)
forms were isolated after the work up and dried under vacuum.
Then, in small (3 mL) vials, a few milligrams (less than 10 mg)
of the compounds were dissolved in 1 mL of a good dissolving
solvent, such as the halogenated ones or toluene; 1 mL of a
second solvent, in which the compounds were not soluble, was
added at the vial very slowly, leaving the two solvents to
equilibrate at the contact surface. The vials were left open and
nice crystals were obtained after evaporation of part of the
solvent mixture. The remaining solvent was removed with a
Pasteur pipette and the crystals were washed with a few drops
of the non-solvent. No more steps were necessary and all the
analysis were carried out on the crystals as they precipitated.

Optical imaging. Optical micrographs were obtained using an
Olympus BX51 microscope in transmission mode, using the
variable angle polarising filters at 90° for the crossed polarised
images, and were recorded using a DP20 digital camera.
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A
procedures for the preparation of (R)-2 or (RS)-2 from 1; all of them

literature search revealed several published experimental
report very similar reaction protocols (ref. 9): use of molecular bromine
as the electrophile, dry CH,Cl, as the solvent, low temperatures (-80 °C to
-20 °0),
regioisomeric impurities.

i Crystal data for (R)-2, (RS)-2, (R)-3, (RS)-3 and (RS)-4:

(R)-2: CH2Br,0,, M, = 444.12, orthorhombic, P2,2,2;, a = 8.2300(2) A,
b=11.8142(3) A, ¢ = 17.1253(3) A, V =1665.11(7) A*>, Z =4, T = 233
K, 10638 reflections collected, 3263 independent reflections with R, =
0.055. R (wR) = 0.0288 (0.0676) for 2989 reflections with 1 > 26(I), R
(WR) =0.0342 (0.0699) for all data. Flack x = 0.04(1). CCDC 1007143.
(RS)-2: CyoH,B1,0,, M; = 444.12, monoclinic, P2,/n, a =9.9622(3) A, b
=8.3317(2) A, ¢ =19.9628(5) A, p = 98.208(1)°,V = 1639.98(8) A%, Z =
4, T =233 K, 10154 reflections collected, 3215 independent reflections
with Ry = 0.042. R (WR) = 0.0304 (0.0724) for 2781 reflections with I >
26(I), R (wR) = 0.0389 (0.0758) for all data. CCDC 1007145.

(R)-3: CasHpsBr,Og, M; = 620.32, monoclinic, P2;, a = 9.0274(2) A, b =
20.4427(4) A, c =14.5383(3) A, B =99.274(1)°, V =2647.89(10) A*, Z =
4, T =233 K, 17115 reflections collected, 9297 independent reflections
with Ry = 0.034. R (WR) = 0.0420 (0.0962) for 7863 reflections with I >
26(I), R (WwR) = 0.0560 (0.1021) for all data. Flack x = 0.022(7). CCDC
1007144.

(RS)-3: CagHasBr,Os, M, = 620.32, triclinic, P-1, a = 9.8523(3) A, b =
10.1793(3) A, ¢ = 13.9220(3) A, o = 70.723(2)°, B = 89.926(2)°, y =
82.549(2)°, V = 1305.53(6) A®>, Z = 2, T = 233 K, 7962 reflections
collected, 4588 independent reflections with Rj,, = 0.029. R (wR) =
0.0357 (0.0804) for 3713 reflections with I > 26(I), R (WR) = 0.0499
(0.0851) for all data. CCDC 1007146.

(RS)-4: CoHuBr,0s, M, = 616.29, triclinic, P-1, a = 8.8364(2) A, b =
10.5814(3) A, ¢ = 14.7993(3) A, a = 108.781(1)°, B = 94.787(1)°, y =
97.419(1)°, V = 1287.54(5) A%, Z = 2, T = 233 K, 8475 reflections
collected, 5044 independent reflections with Rj,, = 0.032. R (WR) =
0.0359 (0.0815) for 4026 reflections with I > 26(I), R (WwR) = 0.0514
(0.0872) for all data. CCDC 1007147.
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