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ARTICLE INFO ABSTRACT

Keywords: Sodium salts of the spiroborate anion bis[(1,1-binaphthalene)-2,2-diolato-0,0’]borate in enantiopure and
Spiroborate racemic forms have been obtained through reaction of BORAX (sodium tetraborate hexahydrate) with the cor-
Boron responding stereoisomers of BINOL [(1,1-binaphthalene)-2,2-diol]. Electrocrystallisation of these salts with
ggg;h,gl: BEDT-TTF produces single crystals of a 1:1 radical-cation salt, (BEDT-TTF){B[1,1"-bis(BINOL)],}eTHF, with the
BINOL racemic spiroborate anion whilst no crystals were obtained with the enantiopure forms.

1. Introduction

Chirality in conducting materials has been of interest recently
following the observations of electrical magneto-chiral anisotropy
(eMChA) whereby the electrical resistance of the two enantiomers dif-
fers depending on their left- or right-handedness as well as on the di-
rection of the electric current and applied magnetic field. eMChA has
been observed in bismuth helices [1], carbon nanotubes [2,3], and
trigonal tellurium [4], as well as in chiral magnets [5-7]. Field switch-
able chiral electrical transport has been demonstrated in achiral CsV3Sbs
[8]. Non-reciprocal charge transport has also been observed in non-
centrosymmetric superconductors such as WSy nanotubes and MoS;
thin single crystals [9,10].

Molecular materials with stereogenic centres can be synthesised in
both enantiomeric forms and also as the racemate for comparison of
their conducting properties. The first such bulk conductor to exhibit
eMChA was (DM-EDT-TTF),ClO4 a chiral metal down to 40 K, with the
two enantiomers crystallising in enantiomorphic space groups P6222
and P6422 [11]. Chirality in these molecular radical-cation salts has
been introduced through the use of chiral donor molecules [12], chiral
anions [13,14], chiral guest molecules [15], or through chiral induction
[16,17].

The utilisation of spiroborate anions in radical-cation salts can
introduce multiple chiral centres into the material [18]. A tetrahedral
boron centre with two achiral asymmetric bidentate ligands attached
produces a spiroborate which is axially chiral at the boron centre (Bg
and Bg). If the bidentate ligand has a stereogenic centre this will produce
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diastereomers of the spiroborate anion [18].

We have previously reported that chiral crystallisation may occur
where only a specific enantiomer or diastereomer may enter the crystal
despite using a racemic B(malate), [18], B(mandelate)s [19], or B(2-
chloromandelate), [20] spiroborate anion as the starting material. One
of these radical-cation salts, k-BDH-TTP;[Bs-(S-Cl-mandelate);], is
metallic down to 4.2 K which is the lowest temperature for a chiral
molecular metal [20]. Crystals of this type can have a macromolecular
helical morphology when using chiral bidentate ligands on the spi-
roborate anion [19].

In this paper we present the synthesis of spiroborate anions from the
axially chiral BINOL ligand [(1,1-binaphthalene)-2,2-diol] in the
racemic, (S) and (R) forms and their subsequent electrocrystallisation
with BEDT-TTF.

2. Experimental
2.1. Synthesis and purification of starting materials

(R)-(+)-1,1"-BINOL, (S)-(-)-1,1"-BINOL, 1,1-BINOL, and bis(ethyl-
enedithio)tetrathiafulvalene (BEDT-TTF) were purchased from TCI
Chemicals. Ethanol, tetrahydrofuran, and dichloromethane were pur-
chased from Fisher Scientific. 18-crown-6 was purchased from Sigma-
Aldrich. All chemicals were used without further purification.

2.1.1. Synthesis of rac-1, (S,S)-1, (R,R)-1
BINOL (1.00 g, 3.5 mmol) in tetrahydrofuran (15 mL) was added to a
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Table 1

Crystal data for rac-1, (R,R)-1, (S,S)-1 and 2.
Compound rac-1 (R,R)-1 (S,9)-1 2
Empirical formula C4gH4gBNaOg CooHg4BoNay014 CooHg4BoNaz014 Cs4H40BO5Sg
Formula weight 786.66 1481.19 1481.19 1036.15
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic
Space group Pbcn c2 c2 P2,/c
a (10\) 18.7113(3) 25.9006(3) 25.8872(2) 17.4885(6)
b (A) 10.5658(2) 8.25130(10) 8.25350(10) 16.2074(3)
¢ (A) 20.4054(3) 17.8205(2) 17.83400(10) 18.2584(6)
o () 90 90 90 90
B 920 101.8610(10) 101.9030(3) 117.240(4)
y(©) 90 920 90 90
vV (A% 4034.14(12) 3727.17(8) 3728.48(6) 4601.3(3)
z 4 2 2 4
Temperature/K 120.00(10) 143.00(30) 150.00(10) 120.00(12)
Peale g/cm® 1.295 1.320 1.319 1.496
p/mm’1 0.789 0.802 0.802 4.016
Reflection collected 31,528 108,598 36,354 60,220
Independent reflections 4038 7693 7320 9438
Flack parameter - —0.01(3) 0.03(2) —
Final R indexes [I>=2c (I)] R; = 0.0367, R; = 0.0439, R1 = 0.0396, R; = 0.0392, wR, = 0.1076

WR, = 0.1033 WR, = 0.1238 WR2 = 0.1103
Final R indexes [all data] Ry = 0.0388, Ry = 0.0445, Ry = 0.0404, wR, = 0.1120 R; = 0.0438, wR, = 0.1108
WR, = 0.1051 WRy = 0.1246

Fig. 1. ORTEP diagram of rac-1 showing atomic labelling (H atoms have been
omitted for clarity).

Fig. 2. The two enantiomers present in rac-1.

stirred solution of BORAX (180 mg, 0.46 mmol) and sodium hydroxide
(40 mg, 1 mmol) in water (4 mL). The mixture was stirred at room
temperature for 16 h and the solvents removed in vacuo. The white
powder was recrystallised from ethanol to give clear cubic crystals. This
method was previously reported by Carter et al. [21] to give a precipi-
tate, however the three sodium salts rac-1, (S,S)-1, (R,R)-1 have been
obtained as single crystals with included ethanol molecules after
recrystallisation.

rac-1: IR (neat) 3644, 3054, 1587, 1504, 1465, 1427, 1364, 1242,
1070, 993, 953, 907, 813, 746 cmfl; 'H NMR (400 MHz, DMSO-Dg) §
7.97 (d, J = 9.1 Hz, 4H), 7.94 (d, 4H), 7.33 (d, J = 8.7 Hz, 4H), 7.31 -
7.26 (m, 4H), 7.22 - 7.09 (m, 8H), 4.36 (s, 4H), 3.44 (qd, J = 7.0, 0.7 Hz,
8H), 1.06 (td, J = 7.0, 0.7 Hz, 12H); '3C NMR (101 MHz, DMSO-De) 6
156.15, 132.86, 129.00, 128.26, 128.12, 125.87, 124.90, 124.60,
122.47,121.89, 56.08, 18.61.

(S,8)-1: IR (neat) 3376, 3050, 2958, 2885, 1588, 1502, 1456, 1326,
1235, 987, 947, 898, 815, 742 cmfl; 'H NMR (400 MHz, DMSO-Dg) 6
7.97 (d, J = 8.7 Hz, 8H), 7.94 (d, J = 1.0 Hz, 8H), 7.34 (d, J = 8.7 Hz,
8H), 7.32-7.26 (m, 8H), 7.21 - 7.10 (m, 16H), 4.39 (s, 6H), 3.45(q, J =
7.0 Hz, 12H), 1.06 (t, J = 7.0 Hz, 18H); 13CNMR (101 MHz, DMSO-Dg) 6
156.16, 132.86, 129.00, 128.26, 128.12, 125.87, 124.90, 124.60,
122.48, 121.89, 56.08, 18.61.

(R,R)-1: IR (neat) 3380, 3052, 2970, 2886, 1589, 1502, 1460, 1364,
1327, 1236, 990, 948, 898, 813, 740; 'H NMR (400 MHz, DMSO-Dg)
7.98 (d, J = 8.8 Hz, 8H), 7.94 (d, J = 1.1 Hz, 8H), 7.34 (d, J = 8.7 Hz,
8H), 7.32-7.25 (m, 8H), 7.21 — 7.10 (m, 16H), 4.38 (s, 6H), 3.45 (q, J =
7.0 Hz, 11H), 1.06 (t, J = 7.0 Hz, 15H); 13C NMR (101 MHz, DMSO-Dg) 6
156.15, 132.85, 128.99, 128.24, 128.10, 125.86, 124.87, 124.59,
122.45, 121.88, 56.07, 18.60.

Note: The 'H NMR peak (s) around § 3.37 in all the spectra is
attributed to water as an impurity. NMR spectra were measured in
DMSO-Dg owing to poor solubility in CDCls.

2.1.2. Synthesis of (BEDT-TTF){B[(1,1-binaphthalene)-2,2'-diolato-O,
0’],}eTHF (2)

Single crystals were grown on platinum electrodes via electro-
crystallisation in H-shaped cells in the dark on a vibration-free bench.
The electrodes were cleaned by applying a voltage across the electrodes
in 1 M HySOy in each direction to produce Hy and O, at the electrodes,
then washing with distilled water, methanol, and thoroughly dried. 100
mg of Na(EtOH)4]1[B(1,1-bis(BINOL)]; (rac-1) and 200 mg 18-crown-6
was dissolved in tetrahydrofuran 26 mL:dichloromethane 13 mL with
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Fig. 4. Rac-1 viewed down the b axis showing alternating enantiomers in stacks in the c direction.

stirring overnight. The solution was poured into a H-shaped cell con-
taining 10 mg BEDT-TTF in the anode side and the cell was sonicated for
5 min. A constant current of 0.6 pA was applied for 11 days followed by
1.0 pA for a further 17 days, after which black crystals were collected

from the electrode.

No crystals were obtained using this method with the enantiopure (S,
S)-1 or (R,R)-1. Further experiments using tetrahydrofuran, dichloro-
methane, chlorobenzene, or acetophenone also gave no crystals.
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Fig. 5. Hydrogen bonding (shown using broken cyan lines) in (a) rac-1 and (b) (S,S)-1B. ((Colour online.))

RS TS

A B

Fig. 6. The two crystallographically independent B(BINOL), molecules in (R,R)-1, one having a sodium with 4 coordinated ethanol molecules (A — left) and the
other having a sodium with 2 coordinated ethanol molecules (B- right).

Fig. 7. A layer of the crystallographically independent B(BINOL), molecule A in (R,R)-1 having a sodium with 4 coordinated ethanol molecules viewed down the
¢ axis.
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Fig. 8. A single layer of the crystallographically independent B(BINOL), molecule B in (R,R)-1 having a sodium with 2 coordinated ethanol molecules viewed down

the c axis.

Table 2

Some important distances and angles. * and ® represent the two crystallographically independent spiroborates related to the boron centres B1 and B2, respectively.
CData patterns to the spiroborate moiety in 2. *The plane relates to each six-membered aromatic ring in each naphthyl unit.

Rac-1 (R,R)-1* (8,5)-1* (R,R)-1® (8,5)-18 2¢
Mean B-O bond length A) 1.468 1.467 1.468 1.468 1.467 1.468
0-B-O angles (°) 101.65, 102.22, 101.40, 101.80, 101.30, 101.80, 99.70, 103.10, 99.60, 102.80,112.32, 102.93
113.08, 113.65 112.59, 114.52 112.59, 114.55 112.25, 115.06 115.20 103.39
112.20
113.11
112.97
112.57
C—0—B-0 Torsional angles 42.22,43.67 42.50,42.80 42.70, 42.70 38.00, 47.40 38.10, 47.30 40.05
©) 46.04
36.8648.69
*Benzyl to benzyl normal 3.26,4.50 3.94,5.14 3.94, 4.98 2.37,3.56 2.37,3.64 3.05,
plane angles (°) 4.42,
4.79,5.98
Naphthyl to naphthyl normal 51.08 54.93 55.01 51.46 51.48 53.1959.10

plane angles (°)

2.2. Single-crystal X-ray diffraction

Data (See Tablel) for rac-1, (S,S)-1, (R,R)-1, and 2 were collected
on a Rigaku Oxford Diffraction XtaLAB Synergy R, DW system, HyPix-
Arc 100 using CuKo radiation using CrysAlis™™ software [22]. Using
Olex-2 [23], the structures were solved with the SHELXT [24] structure
solution program using Intrinsic Phasing and refined with the SHELXL
[25] refinement package using Least Squares minimisation. All
hydrogen atoms were placed in geometrically calculated positions; non-
hydrogen atoms were refined with anisotropic displacement parameters.
Molecular illustrations were prepared with Mercury [26].

3. Results and discussion
3.1. Structure discussion for rac-1

The rac-1 salt crystallises in the orthorhombic space group Pbcn. The

asymmetric unit contains half of a B[1,1'-bis(BINOL)]» anion and half of
a sodium cation with two ethanol molecules coordinated to it. The boron
and the sodium atoms both lie on a 2-fold axis, thus the salt has the
formula: [Na(EtOH)4][B(1,1"-bis(BINOL)], with four of each species in
the unit cell (Fig. 1). Thus, rac-1 crystallises as a 1:1 mixture of the
homochiral (R,R) and (S,S) enantiomers of B[1,1'-bis(BINOL)] (Fig. 2).
The anion has C; symmetry along three axes and a flattened disk-shaped
D, conformation. A heterochiral (R,S) form is also possible, but our
observed preference of the homochiral forms over the heterochiral has
previously been seen with a variety of counter cations [27]. This is
despite DFT calculations finding minimal thermodynamic difference
between the homo- and heterochiral forms of the isolated anion [28].
The bulkiness of the R,S form has been attributed as a reason why the
racemic form adopts the disk-shaped conformation in the (R,R) and (S,S)
enantiopure forms [28].

Figs. 3 and 4 show the packing of the structure viewed down the ¢
and b axes, respectively. The (R,R) and (S,S) diastereomers lie in
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Fig. 9. The BEDT-TTF dimers each segregated by two R,R- and two S,S- B
(BINOL), molecules viewed down the ¢ axis (solvent molecules have been
occluded for clarity).

segregated rows with adjacent rows alternating between diastereomers
in both the b and c directions. The sodium counterion is located between
two moieties of the spiroborates with Na---B distance of 5.247 A. The
four ethanol molecules are coordinated to the cation such that hydrogen
bonding (O1---H25 = 2.119 A and O11---H22 = 2.090 10\) is possible as
shown in Fig. 5(a). The four-coordinate sodium ion is far from tetrahe-
dral, with two O-Na-O angles being 151.7°.

3.2. Structure discussion for (R,R)-1 and (S,S)-1

(R,R)-1 and (S,S)-1 are isostructural crystallising in the non-
centrosymmetric monoclinic space group C2. Crystallographic details
are provided in Table 1. The asymmetric unit contains two half B[1,1'-
bis(BINOL)]5 units, two half sodium atoms, and three ethanol molecules.
The salt has a formula of {Na[B(1,1-bis(BINOL)),(EtOH)4]}{Na[B(1,1"-
bis(BINOL))2(EtOH)»]1}. The B[1,1"-bis(BINOL)] anions are enantiopure
having the same disk-shaped conformation and D, symmetry observed
in the racemate — which is a 1:1 mixture of (R,R) and (S,S) (Fig. 2). In
both of these enantiopure salts (R,R)-1 and (S,S)-1 the B[1,1-bis
(BINOL)]; anion adopts two different environments with one crystal-
lographically independent anion having four ethanol molecules (A —
Fig. 6 left) coordinated to its sodium cation which is six-coordinate
including Na---O interactions with two BINOL oxygens. The other
anion has only two ethanol molecules (B - Fig. 6 right) coordinated to its
sodium cation which is four-coordinate, also including Na---O in-
teractions with two BINOL oxygens. The B[1,1"-bis(BINOL)]» anions A
and B stack in separate layers in the ¢ direction as shown in Figs. 7 and 8.
The coexistence of these two independent molecules is achieved through
a synergistic ionic interaction between the B(OC)4 units and the sodium
counterions on the one hand and the hydrogen bonding between the
ethanol OH hydrogen and the O of the B(OC)4 units on the other hand
(For (R,R)-1: 040---H51 = 1.965 ;\, and for (S,S)-1 040---H51 = 1.968
A). For instance, there exists hydrogen bonding (donor-acceptor
(052---040) distance of 2.836(3) fk) which links the (S,S)-1B molecules
together forming an infinite chain as shown in Fig. 5(b). Table 2 pro-
vides some useful bond lengths and angles for all the spiroborates
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reported in this study. For all the spiroborates the average B-O bond
lengths for the central B(OC)4 moiety is 1.4676 ;\, consistent with those
reported for similar borate salts [27,28]. The O-B-O bond angles range
from 99.7(3) to 115.20(9) A with the smallest and the largest bond
angles found for the (S,S)-1B. As can be seen in Table 2, the structural
features are similar for rac-1, (R,R)-1A and (S,S)-1A but markedly
different for (R,R)-1B and (S,S)-1B. Both (R,R)-1B and (S,S)-1B have
similar bond lengths and angles with more extreme torsional angles
compared to those of rac-1, (R,R)-1A and (S,S)-1A.

In B[1,1"-bis(BINOL)]; crystals with amine cations the density of the
enantiomerically pure crystals was lower than in the racemic ones. This
was attributed to the chains of opposite enantiomers of the anion being
able to pack more efficiently [28].1® The opposite is true in the case of
these sodium salts with coordinated ethanol molecules (Table 1).

3.3. Structure discussion for (BEDT-TTF){B[1,1-bis(BINOL)]2}-THF (2)

The spiroborate anions rac-1, (R,R)-1 and (S,S)-1 were each elec-
trocrystallised with the donor molecule bis(ethylenedithio)tetrathia-
fulvalene (BEDT-TTF) using a variety of solvents. Crystals were only
obtained in the combination of rac-1 with tetrahydrofuran:dichloro-
methane. No crystals were obtained in the experiments with the enan-
tiopure (R,R)-1 and (S,S)-1 spiroborates. The racemate offers the
possibility of more packing arrangements of these bulky anions with
BEDT-TTF and the radical-cation salt that is formed from rac-1 has a 1:1
mixture of both the (R,R) and (S,S) forms and includes tetrahydrofuran
guest molecules.

The asymmetric unit of 2 contains a B[1,1-bis(BINOL)], a BEDT-
TTF molecule and a tetrahydrofuran molecule, crystallising in the
monoclinic space group P2;/c. The 1:1 radical-cation salt has a formula
of (BEDT-TTF){B[1,1-bis(BINOL)]}-THF. The BEDT-TTF molecules do
not form conducting stacks and are isolated as dimers each surrounded
by four B[1,1-bis(BINOL)]», two (R,R) and two (S,S) diastereomers
(Fig. 9). The angles and mean B-O bond length in 2 are similar to those of
the other structures as could be seen in Table 2.

There are intermolecular S---S contacts shorter than the van der
Waals distance (3.6 /0\) between the two BEDT-TTFs of each dimer
(S54---859 3.4307(7), S51---856 3.5353(7), and S47---S50 3.4596(7) A).
The isolated dimers have a closest S---S contact of 6.8164(7) A
(S54---S59) between neighbouring dimers, indicating that there is no
conduction pathway through the lattice.

Applying the method of Guionneau et al. [29]'7 the charge of the
BEDT-TTF molecule is estimated to be 1.08™", which is as expected for to
balance the 1" charge of the spiroborate anion in this 1:1 radical-cation
salt.

4. Conclusions

The sodium salts of the spiroborate anion bis[(1,1-binaphthalene)-
2,2-diolato-0,0’]borate in both enantiopure forms and in racemic for-
m have been prepared and crystallographically characterised. The
racemic spiroborate salt contained a 1:1 mixture of the R,R and S,S an-
ion with no meso R,S present. Only the racemic spiroborate anion could
be incorporated into a salt on electrocrystallisation with BEDT-TTF. To
include one of the enantiopure anions in such a salt, the next step will be
to electrocrystallise with an enantiopure organosulfur donor to obtain a
salt with both species in enantiopure form. There are a wide variety of
different sized and shaped bidentate ligands which could produce spi-
roborate anions via this method. These anions can be used in radical-
cation salts to produce a variety of different donor packing motifs
with different conducting behaviours. These salts have the potential to
combine conductivity, or even superconductivity, with chirality in the
same material which is the goal of this research.
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2341599 ((R,R)-1), CCDC-23415600 (rac-1), CCDC-23415601 ((S,S)-
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