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ABSTRACT

The activity of F~ is an important factor in the design of both inorganic and organic reactions
involving fluorine-compounds. The present study investigates interactions of F~ with diols in
alkali metal fluoride-diol complexes. Increases in the reactivities of alkali metal fluorides and
their solubilities in alcohols is observed with increasing cation size. The difference in alkali
metal ion size produces different structural motifs for F-diol complex salts. The CsF complex
salt with ethylene glycol (EG), CsF-EG, has a layered structure, whereas the Rb and K complex
salts, (RbF)s-(EG)4 and (KF)s-(EG)s, form columnar structures. Comparison of the CsF complex
salts with three different diols, EG, 1,3-propylene glycol (PG13), and 1,4-butylene glycol (PG14),
revealed that the diol chain length affects the bridging mode in their layered structures. EG
bridges two OH oxygen atoms within the same CsF layer in CsSF-EG, whereas PG13 and BG4
bridge two OH oxygen atoms in different CsF layers in (CsF)2-PG1z and CsF-BGi4, respectively.
The F ion coordination environment involves interactions between alkali metal ions and H
atom(s) in the diol OH groups, where the F---H interactions are more dominant than the F~---M"*
interaction based on Hirshfeld surface analyses. The O—H bond weakening observed by infrared

spectroscopy also reflects the strengths of the F~---H interactions in these complex salts.
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INTRODUCTION

The chemistry of naked fluoride has a long history. Strictly speaking, “naked” fluoride ion
exists only in vacuum, because it is influenced by solvent or counterions under ordinary
circumstances.!* However, in combination with a large cation, F~ is often regarded as naked,
because its ability to surround itself with other entities decreases with increasing cation size.?
Although cesium fluoride is sometimes used to produce reactive F~ owing to the large cation-to-
anion ratio (cesium effect),>® the size of Cs* is still insufficient for certain purposes. Several
attempts have been made to prepare F~ salts with an organic cation. Christe and co-workers
reported the first truly stable anhydrous organic cation fluoride salt by dehydrating
tetramethylammonium fluoride ([TMA]F).! Subsequently, several organic cations have been
combined with F including tetrabutylammonium ([TBA]F),* N-methylquinuclidinium,®
tetramethylphosphonium,® ([TMP]F), and (LPPP)H* (LP*P = 1,3-bis(2,6-diisopropylphenyl)-1,3-
dihydro-2H-imidazol-2-ylidene)’ 811

Reactive and highly basic F~ combined with an organic cation is often used to increase the
solubility of an inorganic fluorocomplex or to stabilize the anion of a weakly Lewis acidic parent
fluoride (weak fluoride ion acceptor).’??* Different aspects must be considered in organic
fluorination reactions. Fluoride ion reactivity is desirable in substitution reactions, but high
basicity can lead to elimination reactions and reduces Sn2/E2 selectivity.?>?* Most organic
cations are unstable when combined with F~. Such salts are hard to isolate due to -hydrogen
elimination,?"2° although this can be avoided with [TMA]F because the B-hydrogen atoms are
absent (as in the exceptional case of N-methylquinuclidinium salt)®. Reactive anhydrous F~ is
sometimes created in an unusual way, as in the in situ generation of [TBA]F from

hexafluorobenzene and [TBA]JCN.* Organic fluoride salts can be stabilized as hydrates, but the
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quality of “nakedness” is lost in such cases and even a trace of water is not preferable under
certain conditions due to the high reactivity of H,0.1*

Taming F~ with a hydrogen-bond donor is an effective and practical approach, because F~
basicity can be moderated by hydrogen bonding, thereby preventing its attack on organic cations
and allowing preferable reactivity to be tuned.®3! An early application of this strategy
demonstrated that introduction of alcohols as hydrogen-bond donors to [TBA]F leads to high
reactivity in Sn2 fluorination reactions.®? This work also revealed alcohol-induced steric effects
on reactivity, which were confirmed by the X-ray crystal structure of [TBA]F-(t-BuOH)a. In
subsequent publications, enhanced kinetic reactivity and Sn2/E2 selectivity were reported using
CsF and bulky alcohols.®33° The effects of the F~ coordination mode on nucleophilic reactivity
were investigated for a number of fluoride-alcohol complexes using [TBA]F as a fluoride-ion
source.?®% Insights derived from crystal structures revealed that the alcohol coordination number
was closely linked to reactivity. A related topic is fluoride-ion solvation by ionic liquids. An
equimolar mixture of ethylene glycol (EG) and [1-ethyl-3-methylimidazolium]F forms a stable
ionic-liquid solvate that exhibits a strong F---EG interaction, yet is functional in a nucleophilic
substitution reaction.*’

Further understanding, including crystallographic insight, is needed to characterize the
interactions between F~ and alcohols in fluoride-alcohol complexes. Although nuclear magnetic
resonance spectroscopy is useful in discerning solution state properties, a previous study has
determined that the °F NMR chemical shift is not a good measure of F~ nakedness either in
solution or in the solid state because of solvent-induced paramagnetic shielding.®® Currently
known crystal structures of fluoride-alcohol complexes are limited to [TBA]F salts with t-

BuOH,* 1-adamantanol,?® pentaerythritol,?® tris(hydroxymethyl)ethane,?® neopentylglycol,?



A Self-archived copy in

o [N Y, ) N RBAFFHER)FD b
(- » #B j( ? Kyoto University Research Information Repository KU RENAI h II
s Kyolo Uniersity Ressarch Informaton Repositry

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

(R,R)-di-(i-Pr)-tartrate,?® a mannitol derivative,? pinacol,?® (R)-BINOL,?® cyclic hemiacetal,?® 9-
phenylfuoren-9-0l,2%  diphenylmethanol,?®  triphenylmethanol,?®® tri-(p-tolyl)-methanol,®
pyrrolidine,® large phenol derivatives®® and a [TEAJF salt with BINOL.** Contrary to
expectations, alcohol complexes with alkali metal fluorides have scarcely been investigated,
especially by X-ray crystallography. Although alkali metal fluorides do not possess the high
organic solvent solubilities and fluorinating capabilities of alkylammonium fluorides, their ease
of use and low cost are attractive for many practical applications. This contrasts with the
extensive exploration of fluoride-urea derivative complexes by X-ray and neutron single-crystal
diffraction,3142%° where intermolecular H---F~ interactions are known to be important.

The present work investigates the interactions between F~ and OH groups in alkali metal
fluoride—diol systems. Basic reactivity and solubility studies are described in the first part.
Single-crystal X-ray diffraction analyses are possible owing to the relatively high solubilities and
reactivities of KF, RbF, and CsF salts in EG. The crystal packing and coordination environments
of F~ are categorized based on differences in cation size (K*, Rb*, and Cs*) and the diol alkyl
chain length of EG, 1,3-propylene glycol (PGas), and 1,4-butylene glycol (BGi4). Spectroscopic
analysis is used probe intermolecular interactions. The subsequent discussion provides useful
insight to the solution structure and reactivity of F~ including the possible application of alkali

metal fluorides in alcohols for organic and inorganic reactions.

RESULTS AND DISCUSSION
Reactivity of alkali metal fluorides and EG. The reactivities of alkali metal fluorides and EG
were characterized in terms complex salt formation in the solid state. Table 1 summarizes the

complex-forming ability of alkali metal fluorides with EG. Mixtures of alkali metal fluorides and
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EG were stirred for one week at 25 °C. Complex formation was evaluated from changes in the
X-ray powder diffraction (XRPD) patterns (Figures S1 and S2, Supporting Information). The
same procedure was followed with ethanol (EtOH). EG forms complex salts with KF, RbF, and
CsF, whereas EtOH forms a complex salt with only CsF. This trend in behavior is explained by
an increase in Lewis basicity of F~ with increasing the size of counterion.?® The greater complex
forming ability of EG relative to EtOH is attributable to the double coordination sites on each EG
molecule.

Alkali metal fluoride solubility in EG or EtOH is a good indicator of reactivity, because F -
(alcohol)n complexes form upon dissolution. Table 1 lists alkali metal fluoride solubilities in EG
and EtOH measured by X-ray fluorescence spectroscopy (XRF). The XRF results suggest that
solubilities of alkali metal fluorides in EG increases sharply between NaF and KF and thereafter
slightly in the order KF < RbF < CsF. These results prompted us to focus on the structural
analyses of alkali metal fluoride-diol complexes. The samples for *H NMR measurements (0.1
mol dm= EG solutions of KF, RbF, and CsF) were prepared by simply dissolving the
corresponding alkali metal fluoride in EG. The resulting *H NMR chemical shifts are similar to
each other and to that of pure EG because of the low alkali fluoride concentration (Figure S3,
Supporting Information). The *H NMR spectra of the alkali metal fluoride EG complexes, whose
structures will be discussed below, were not measured in this work because of their low

solubilities in aprotic solvents (e.g., below 0.005 mol dm™ for CsF- EG in typical solvents

including N,N-dimethylformamide, tetrahydrofuran, difluorobenzene, and acetonitrile). The °F
NMR chemical shift of ca. =136 ppm (Figure S4, Supporting Information) is cation independent,

which agrees with previous reports that this chemical shift depends on the solvent and not on the
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Table 1. Reactivity and solubility of alkali metal fluorides with EG and EtOH.[4

EG EtOH
Reactivity Solubility Reactivity Solubility
(mol dm~3) (mol dm~3)
LiF No reaction <0.10 No reaction <0.10
NaF No reaction <0.10 No reaction <0.10
KF Complex formed 0.33 No reaction <0.10
RbF Complex formed 0.38 No reaction 0.38
CsF Complex formed 0.45 Complex formed 0.45

[a] Complex formation was confirmed by the change in XRPD patterns (see Figures S1 and
S2, Supporting Information). Solubility was measured by XRF.

counterion (ca. —137 ppm in EtOH and —147 ppm in MeOH for KF, CsF, [TMA]F, and

[TMP]F).53

X-ray Crystal Structures. Crystallographic data for CsF-EG, (RbF)s-(EG)s, (KF)s-(EG)4,
(CsF)2-PGas, and CsF-BGus at 113K are provided in Table 2. Single crystals of CsF-EG were
grown from its tetraglyme solution after standing at room temperature, and other crystals were
recrystallized by slowly cooling the corresponding saturated diol solution from an elevated
temperature to room temperature. Selected bond lengths and angles appear in the structural
diagrams. Other geometrical parameters are listed in Table S1. Hydrogen-bonding geometries
are listed in Table 3. Individual bond valences were evaluated to determine the contribution of
each contact to the bond valence sum (BVS) for the alkali metal cation (see Table S2 for details
of BVS calculations).*"8

Figure 1 shows the packing diagrams of CsF-EG and (RbF)s-(EG).. Because the Rb and K

salts, (RbF)s-(EG)s and (KF)s-(EG)4, are isostructural with each other, only the (RbF)s-(EG)4
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structure is described here. The CsF-EG complex is best described as a layered structure with

alternate polar (Cs*, F~, and —OH) and non-polar (—CH>—CH>-) layer stacking (Figure 1a). The

Cs™F, Cs™0, and F-H contacts are the main interactions in the polar region with EG

bridging to the F~ ions in the same layer. These interactions lead to a gauche conformation for

EG with a dihedral angle of —61.4(5)°, similar to that found for pure EG.***° The EG molecules

are interact via van der Waals interactions in the nonpolar region along the c-axis. Consideration

of the primary and secondary contacts with Cs* (three F~ and six O atoms in

Table 2. Summary of crystallographic data and refinement results for CsF-EG, (RbF)s-(EG)a,
(KF)s-(EG)as, (CsF)2-PGa3s, and CsF-BGaa.

CsF-EG (RbF)s-(EG)4 (KF)s-(EG)4 (CsF)2-EG CsF-BGu4
Formula CsFC2Hs0> RbsFsCgH240s KsFsCgH2408 Cs2F2C3HgO- CsFC4H1002
fw 213.98 770.62 538.77 379.91 242.03
T/K 113 113 113 113 113
cryst system orthorhombic tetragonal tetragonal orthorhombic monoclinic
space group Pbca P4/n P4/n Immm P2i/c
alA 7.5822(3) 13.6999(9) 13.2866(6) 4.1727(4) 4.6451(4)
b/A 8.4230(4) 13.6999(9) 13.2866(6) 4.4285(4) 7.8792(6)
c/A 17.1081(9) 5.9083(4) 5.8173(3) 23.915(2) 20.1103(17)
Bl ° 90 90 90 90 93.032(3)
V/A3 1092.87(9) 1108.91(16) 1026.95(11) 441.92(7) 735.00(10)
z 8 2 2 2 4
peaic / g cm3 2.601 2.308 1.742 2.855 2.187
wlmm 6.678 11.024 1.144 8.222 4.979
Rq? 0.0348 0.0332 0.0236 0.0198 0.0206
WRZP 0.0866 0.0794 0.0602 0.0479 0.0496
cryst size
o 0.30x0.20x0.10  0.30x0.30x0.30  0.30x0.20x0.20 0.20x0.10x0.10 0.20x0.15x0.10

*R1 = Z[|Fo| — [Fell/Z[Fol. "WR2 = [Ew(Fo? — F)?/Zw(Fo?)?]">.
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fas

(@ (b) RbF column
/

Figure 1. Packing diagrams of (a) CsF-EG viewed along the a-axis and (b) (RbF)s-(EG)s along
the c- and a-axes. Atom colors: C and H, black; O, red; F, green; Cs and Rb, purple. Hydrogen

bonds are not shown for clarity.

EG) yields a BVS of 1.03 as expected for Cs(l) [see Figure S5a, Supporting Information, for the
coordination environment of Cs" in CsF-EG]. The packing mode of (RbF)s-(EG)4 is columnar,
where the Rb**--F interaction forms the main framework for the columns which have rock salt-
type arrangements of ions. These columns are mutually connected through EGs by means of
Rb*---O and F--H interactions (Figure 1b). The O—C—-C-O dihedral angle in EG is 68.6(3)° is
similar to that in CsF-EG above. There are no hydrogen-bond interactions between the EG

molecules. There are two crystallographically independent Rb* ions (one along the central axis
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and the other at the column edge) that have significantly different BVS values. The Rb1 cation
has a BVS of 1.11, which suggests an over-coordinated environment relative to a BVS of 1.01
for Rb2 [see Figure S5b, Supporting Information, for the coordination environment of Rb* in
(RbF)s-(EG)4]. Considering a similar trend in the isostructural K* salt [BVS = 1.05 for K1 and
0.93 for K2 in (KF)s-(EG)4], the alkali metal site at the edge of the column is more crowded
owing to multiple contacts with the O atoms of EG outside the column.

Figure 2 shows the coordination environment of F~ in CsF-EG and (RbF)s-(EG)s. The F~ ion
in CsF-EG is coordinated to three Cs* ions and two H atoms of OH groups in different EG
molecules. In contrast, (RbF)s-(EG)s has two crystallographically independent F~ ions. The F1
anion outside the column is similar to F~in CsF-EG and is coordinated by three Rb* ions and two
H atoms from OH groups in different EG molecules. The F2 anion inside the column is
coordinated to six Rb* ions in a distorted octahedral environment. The Cs***F~ contacts 2.946(3),
2.980(3), and 3.034(3) A in CsF-EG are similar, on average, to that in the rock salt-type CsF
structure (3.004 A).5%521 The Rb*+F distances around F1 in (RbF)s-(EG)4 are also similar, on

average, to that in the rock salt-type

10
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Figure 2. Coordination environments of F~ in (a) CSF-EG [symmetry code: (i) x+1/2, —y+2/3,
—z+1; (i) —x+1/2, y—1/2, z; (iii) —x, —y+2, —z+1] and (b) (RbF)s-(EG)s [symmetry code: (i) v,
—x+2/3, z; (ii) y+1/2, —x+3/2, z+1; (ii) x, y, z+1; (iv) —y+3/2, x, z; (v) —x+3/2, —y+2/3, z].
Thermal ellipsoids are shown at the 50 % probability level. Contact distances are shown in A.

RbF structure (2.815A)%%%2 although the range of values is larger (2.7583(16), 2.8096(17), and
2.8347(16) A). The F2 anion in the distorted FRbg octahedron displays short and long Rb2"-"F2
contacts (2.795(3) and 3.114(3) A) along the central axis of the column and four equivalent
Rb1-F2 contacts of 2.7995(6) A. The short H'**F interaction distances, 1.73 and 1.78 A in CsF-
EG and 1.72 and 1.77 A in (RbF)s-(EG)4 (Table 3) indicate the formation of strong hydrogen
bonds based on the van der Waals interaction sum of 2.7 A.5® It should be noted that even the
corresponding O(H) 'F~ distances (2.538(3) to 2.579(3) A with an O—H'"F angle >158.2°),
listed in Table 3, are all shorter than this value. A shorter H---F distance is observed in fluoride-
alcohol complexes with a bulky cation [e.g., 1.66 A in ([C2Ciim]F)-EG], where F is

coordinated to one H atom from

11
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Table 3. Hydrogen bonding geometries (A, °) in CsF-EG, (RbF)s-(EG)a, (KF)s-(EG)4, (CSF)2-
PGais, and CsF-BGia.

O-H H-F O F O-H F
CsF-EG

O1-H1-F1 0.82 1.73 2.549(4) 177.6
04-H4--F1 0.82 1.78 2.559(4) 158.2
(RbF)s-(EG)4

O1-HI-F1 0.82 1.72 2.538(3) 173.4
04-H4--F1 0.82 1.77 2.579(3) 168.0
(KF)s-(EG)4

O1-H1-F1 0.82 1.74 2.5638(11) 178.4
0O4-H4-'F1 0.82 1.78 2.5961(11) 171.0
(CsF)2-PG13

O1-H1-F1 0.82 1.69 2.469(6) 158.6
CsF-BGis

O1-HI1-FI 0.82 1.72 2 524(2) 166.2
0O6—H6"F1 0.82 1.73 2.541(2) 169.3

an OH group and three aromatic H atoms of the C.Ciim* cation.>” The F~ ions that are
coordinated to only H atoms of OH groups often have a longer contact distance [e.g., 1.83 A in
[TBA]F-(‘BUOH)4, where F~ is tetrahedrally coordinated to four H atoms of OH groups].>*
Figure 3 shows the packing diagrams of (CsF).-PGi3 and CsF-BGai4. The PG1z molecules
in (CsF)2-PG1s are positionally disordered into two sites by a crystallographic mirror plane.
These two complex salts have layered structures with alternate polar and non-polar layers.
Although CsF-EG also has a layered structure, the configuration of the constituent ions and diols
in CsF-EG, (CsF).-PG13, and CsF-BGuas differ from each other. The PG1z and BG4 molecules
bridge F~ ions between two different polar layers, whereas EG bridges F~ ions within the same

layer. This suggests that the bridging mode depends on the diol chain length, because long alkyl

12
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chains tend to be aligned by van der Waals interactions. The structures of the polar layers
containing Cs* and F~ ions differ for (CsF)2-PG13 and CsF-BGua. In (CsF)2-PGys, the polar region
comprises a —Cs*—F — double layer derived from the rock salt structure (Figure 3a), but the
configuration is distorted from the ideal structure because of interactions with PGi3 from above
and below. A similar, but less distorted, —Cs*—F — double layer is observed in the (CsF)2-Br.
intercalation compound.®® In contrast, the polar layer in CsF-BG14 contains six-membered rings
of Cs™ and F displaying the distorted boat conformation of a cyclohexane molecule, where each
ring is capped above and below by two O atoms from BG14. The BG14 molecules bridging the
polar layers are tilted with respect to the c-axis, which contrasts with the perpendicular alignment
of PG13. Comparison of the BVS values for (CsF).-PG13 (1.01) and CsF-BGi4 (1.07) suggests
that the Cs™ in CsF-BGua is slightly over-coordinated relative to that in (CsF).-PGis (Table S2,

Supporting Information).

(@) BERER (b)

Figure 3. Packing diagrams of (a) (CsF).-PG1s viewed along the a-axis and (b) CsF-BGa14 along
the a-axis. Atom colors: C and H, black; O, red; F, green; Cs and Rb, purple. Hydrogen bonding

is not shown.

13
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Figure 4 shows the coordination environment of F~ in (CsF)2-PG13 and CsF-BGi4. The F~
ion in CsF-BGag4 is coordinated to three Cs* ions and two H atoms belonging to the OH groups of
different BG14 molecules in a manner similar to that of the F~ in CsF-EG (Figure 2a) and F1 in
(RbF)s-(EG)4 (Figure 2b). However, the F~ environment in (CsF)2-PG13 is unique and consists of
one H atom from an OH group and five Cs™ ions arranged in a distorted octahedral manner. The
five Cs*F~ contacts [Cs***F~ distances of 2.912(4) and 3.0623(5) A] are included in a rock
salt-type framework that is slightly shorter along the c-axis and elongated along the a- and b-
axes (cf. 3.004 A for Cs*'F in pure CsF).55? The Cs'*F contacts in CSF-BG14 of 2.9614(14),
3.0261(16), and 3.0742(14) A deviate somewhat from that in CsF. The H--‘F distance of 1.69 A
in (CsF)2-PGas is the shortest among those of alkali metal fluoride-diol complexes in the present
study (Table 3). Further interpretation pertaining to precise H-atom positions will require

structure determination by neutron diffraction.

(@) (b)

Ha
c?i"\ . 1.69,Q Cslii
SNEU L L
Cs1v 1%~~§§;0%3(5) 3'0261(16)’:/%1\\‘\3'0742(14)
/! Cs1v Cs1i® o
/2.912(4) /2.9614(14)  Ccs1v
é ®
Csl Csllll

Figure 4. Coordination environment of F~ in (a) (CSF)2-PG13 [symmetry code: (i) —x+1/2,
—y+1, z; (1) x—1/2, —=y+1/2, —z+1/2; (ii1) x+1/2, —y+1/2, =z+1/2; (iv) x+1/2, =y+3/2, —z+1/2; (v)
x—1/2, =y+3/2, —z+1/2] and (b) CsF-BGi4 [symmetry code: (i) —x+1, —y, —z+1; (ii) x, —y+1/2,
z—1/2; (iii) x+1/2, —y+1/2, z—1/2; (iv) —x+1, —y+1, —z+1]. Thermal ellipsoids are shown at the

50 % probability level. Contacts are shown in A
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Fluoride ion interactions in CsF-EG, (RbF)s-(EG)s, (KF)s-(EG)s, (CSF)2-PGis, and CsF-
BGis were also investigated by Hirshfeld surface analyses.®®®° This procedure analyzes
intermolecular interactions by partitioning space in the crystal into regions where the electron
distribution of a sum of spherical atoms in the molecule dominates the corresponding sum over
the crystal. Figure 5 shows Hirshfeld surfaces and projections of normalized contact distances on
the surface (dnorm) for F~ in the series of alkali metal fluoride-diol complex salts [see Figure S7
for (KF)s-(EG)s]. The red and blue colors on the dnorm surface correspond to intermolecular
contacts that are shorter and longer, respectively, than the sum of their van der Waals surface
radii. The white shading corresponds to the contacts around the sum of the van der Waals radii.
The filtered two-dimensional (2D) fingerprints of the Hirshfeld surface, which are included in
Figure 5, summarize the frequencies for each combination of de and di, where de and d; are the
distances from the surface to the nearest nucleus outside and inside the surface, respectively. The
2D plot shows the intermolecular interactions that are present in the crystal and indicates the
relative surface area corresponding to each interaction.

The F---M" and F---H interactions are observed around F in all complex salts [except
for one of the two F ions in (RbF)s-(EG)s which is surrounded by six Rb* cations(Figure 5b,
left)] consistent with the contacts described in Figures 2 and 4. The color mapping suggests
shorter F---H than F---M™ interactions based on the van der Waals interaction sums. The
F---M" interactions lie in a narrow range di = 1.2 to 1.4 A, whereas the F---H interactions
exhibit a wider range of d; values. The F ---H interactions contribute significantly to the dnorm
surface in all cases (76.0, 68.6, 48.4 and 84.7% in CsF-EG, (RbF)s-(EG)s, (CsF).-PG13, and
CsF-BGua, respectively) suggesting the dominance of F---H contacts in the F~ coordination

environment. Even in (CsF)2-PG1s, where F~ contacts five Cs* and only one H atom, the F---H

15
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contribution to the surface equals 48.4%. Similarly strong F---H interactions in various F~ salts

were suggested by Hirshfeld surface analyses in an earlier work.®°

(a) CsF-EG (b) (RbF)s-(EG),
t
F---Cs contacts: 24.0 % F---Rb contacts: 100.0 F---Rbcontacts: 31.3 %
24) 24" 24"
2.0 / 2.0 / 2.0 /[
F---H tacts: 76.0 % :
< 16 : contacts o <16 < 16 F: H contacts: 68.6 %
- 2.4 - - 24| "
< 12 i <12 T 12 ;
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08 & 0.8 08 I
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Figure 5. Hirshfeld surface analyses [projection of dnorm and filtered 2D fingerprint plots (F---Cs,
F---Rb, and F---H)] of F in (a) CsF-EG, (b) (RbF)s-(EG)4, (¢) (CsF).-PG13, and (d) CsF-BGia.
The data shown for (CsF)2-PG1s were calculated based on the ordered structure. Some carbon
atoms in PGi3 and BGi4 are omitted for clarity. See Figure S7 for the (KF)s-(EG)4 and (CsF)2-
PGu3 results based on a disordered model.
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Infrared spectroscopic analyses. The frequency of the O—H stretching mode in alcohols is
known to shift according to the strength of the H---A (A = hydrogen bond acceptor)
interaction.3”! The O-H stretching mode of the powdered samples of CsF-EG, (RbF)s-(EG),
(KF)s-(EG)s, (CsF)2-PGis, and CsF-BGis was investigated by IR spectroscopy. For the
preparation of these complex salts, the alkali metal fluoride and the corresponding diol were
mixed in difluorobenzene to complete the reaction, and the solvent was removed under vacuum.
The frequencies of absorption bands in the following discussion are represented by the values
rounded off to the nearest ten wavenumbers because of their broadness.

Figure 6a shows IR spectra of CsF-EG, (RbF)s-(EG)s, (KF)s-(EG)s, and EG between 3800
and 2300 cm™%, where absorption bands above 3000 cm ™ are assigned to the OH stretching mode
of EG. The absorption peaks for CsF-EG at 3060 cm?, (RbF)s-(EG)4 at 3060 cm ™2, and (KF)s-
(EG)4 at 3060 cm* are red-shifted by over 100 cm™* compared to that for pure EG at 3170 cm™.

Figure 6b shows the IR spectra of CsF-BG14, BG14, (CSF)2-PGi3, PGi3, CsF-EG, and EG. The

(a) (b)

Figure 6. Infrared spectra of (a) CsF-EG, (RbF)s-(EG)s, (KF)s-(EG)4, and EG and (b) CsF-BGaua,
BG4, (CSF)2-PGas, PGis, CsF-EG, and EG between 2300 and 3800 cm™* at 25 °C.
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absorption peaks for CsF-BGi4 at 3030 cm ™ and (CsF)2-PGis at 3040 cm ™ are also red-shifted
by over 200 cm™* compared to that for pure BG4 at 3270 cm™* and pure PGis at 3240 cm ™.
These observations suggest that the O—H bond is weakened by the strong F-H interactions in
these compounds. Pure diols are known to form inter- and intra-molecular hydrogen bonding in
the liquid state.®®” For example, the red shift of the O—H stretching mode by intramolecular
interactions is confirmed by comparing both vibrational frequencies of EG (free and hydrogen
bonded) in a CCl, diluted solution (35.6 cm™ shift).®8 Ab initio calculations for monomeric,
dimeric, and trimeric EG also indicated a similar trend in clustering (113-183 cm™* shift between
EG and (EG); and 186-211 cm™* between EG and (EG)s) at the M06-2X/6-31+G** level of
theory.%® By considering that these inter- and intra-molecular hydrogen bonding interactions
already exist in pure diols, the large red-shift between the O—H stretching vibrational frequencies
of pure diol and the corresponding fluoride complex suggests the significance of the F-*H
interaction. The sharper vibrational band of the diol complex salts than those in their pure diols
are also consistent with fewer conformational states as a result of these strong interactions,
although the difference in physical state (solid for complex salts and liquid for pure EG) also

influences the peak shapes.

CONCLUSIONS
This work characterizes the properties of several alkali metal fluoride—diol complexes,
which have not been previously studied. XRPD and XRF analyses establish that the reactivity of

alkali metal fluorides and their solubilities in alcohols increase with increasing size of the alkali
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metal cation, as expected from the relative Lewis basicities of the alkali metal fluorides. EG
forms complex salts more easily than EtOH owing to its two OH groups.

The difference in alkali metal ion size produces different structural motifs in the CsF-EG
and (RbF)s-(EG)s complexes. The CsF-EG structure is of a layered type, whereas the (RbF)s-
(EG)4 structure, which is isostructural with (KF)s-(EG)4, is columnar. The F~ ion coordination
environment in CsF-EG is similar to one of the two F~ environments in (RbF)s-(EG)s and is
comprised of two short OH hydrogen contacts and three alkali metal cation contacts. The other
F~ sites in (RbF)s-(EG)4 are surrounded by six Rb* ions in a distorted octahedral manner. The
structural comparison of CsF-EG, (CsF).-PGis, and CsF-BGi4 demonstrates the effect of diol
chain length on crystal packing and F~ coordination mode. Although all the glycol complexes
form a layered structure, a distinct difference emerges in the diol bridging modalities. EG bridges
two OH oxygen atoms within the same layer, whereas PGi3 and BG14 bridge two OH oxygen
atoms in different layers. The partially preserved rock salt-type CsF lattice observed in (CsF)2-
PGa3 is characteristic of this series. The F in (CsF)2-PGazs is coordinated by one OH hydrogen
atom and five Cs" ions, whereas the F~ in CsF-BGa4 is coordinated to two OH hydrogen atoms
and three Cs" ions. Hirshfeld surface analysis reveals the F---H interaction is stronger than the
F~---M" interaction of the F~ coordination sphere. The O—H bond weakening observed by IR
spectroscopy also reflects the strengths of the F~---H interactions in these complex salts.

Although fluorination reactions were not attempted in this work because of their limited
solubilities to typical aprotic organic solvents, the structural data presented in these studies
provide important information regarding the design of new reaction systems that involve the use
of F~. Further structural and physicochemical studies of F-alcohol complexes are also suggested

by this study.
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EXPERIMENTAL

Apparatus and Materials. All non-volatile materials were handled under a dry Ar atmosphere
in a glove box or under a dry air atmosphere in an open dry chamber (Daikin Industries, LTD.).
The alkali metal fluoride salts, CsF (FUJIFILM Wako Pure Chemicals, >97.0% purity), RbF
(Aldrich, 99.8% trace metal basis), and KF (FUJIFILM Wako Pure Chemicals, >99.0% purity)
were dried at 423 K for 24 h prior to use. Dry EG (FUJIFILM Wako Pure Chemicals, <30 ppm
water content), dry methanol (FUJIFILM Wako Pure Chemicals, <10 ppm water content), and
dry EtOH (FUJIFILM Wako Chemicals, <50 ppm water content) were used without further
purification. PGz (FUJIFILM Wako Pure Chemicals, >97% purity), BG4 (FUJIFILM Wako
Pure Chemicals, >98.0% purity), and 1,2-difluorobenzene (FUJIFILM Wako Pure Chemicals,
>98.0% purity) were dried over 4A-1/16 molecular sieves (FUJIFILM Wako Pure Chemicals)
for several days prior to use. The CsF-EG, (RbF)s-(EG)s, (KF)s-(EG)s, (CsF)2-PGis, and CsF-
BG4 complex salts were prepared by directly mixing the alkali metal fluoride and diol in the
appropriate stoichiometric ratios (see Supporting Information for detailed procedures). Their
compositions were established by single-crystal X-ray diffraction.

Crystal growth. Single crystals of CsF-EG were grown on the walls of a glass vial from a
tetraglyme mixture (CsF-EG:tetraglyme = 1:1) at room temperature. Single crystals of (RbF)s-
(EG)4, (KF)s-(EG)s, (CsF)2-PGis, and CsF-BGis were recrystallized by slowly cooling the
corresponding saturated diol solution from an elevated temperature [(RbF)s-(EG)s: 70 °C, (KF)s-
(EG)4: 80 °C, (CsF)2-PGus: 70 °C, and CsF-BGau4: 80 °C to room temperature. Suitable crystals

were fixed in quartz capillaries in the glove box and sealed using an oxygen torch.
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Single-crystal X-ray Diffraction. Single-crystal X-ray diffraction data was obtained using a
R-axis Rapid Il (Rigaku Corporation) diffractometer controlled by the RAPID AUTO 2.40
program.”® Graphite-monochromated Mo Ko radiation (0.71073 A) was used. Integration,
scaling, and absorption corrections were performed using RAPID AUTO 2.40. The structure was
solved using SIR-2014™* and refined by SHELXL-977? linked to Win-GX.”® Anisotropic
displacement factors were introduced for all atoms except hydrogen. The H atoms were found in
the difference Fourier synthesis after anisotropic refinement of the heavier atoms. The final
refinement was carried out without constraining the C—H and O—H bonds. The Crystal Explorer
17.5 program was used for Hirshfeld surface analyses.”* The PGz disorder in (CsF)2-PGiz was
modeled on the averaged structure with partial occupancies and one of the disordered structures.
X-ray powder diffraction. X-ray powder diffraction patterns were collected in the Bragg-
Brentano geometry using a Rigaku SmartLab diffractometer with Ni-filtered Cu-Ka radiation (40
kV and 30 mA) and a silicon strip high-speed detector (Rigaku D/teX Ultra 250). The powder
sample was loaded on a glass plate in an air-tight cell with a Be window under dry Ar. The scan
rate was 2 deg mint
Infrared spectroscopy. Infrared spectra were obtained with an Alpha Il spectrometer equipped
with an attenuated total reflection setup (Bruker Optics) in the open dry chamber under dry air at
25 °C. The sample was pressed onto the diamond prism. The spectral resolution was 4 cm ™.
Spectroscopic and thermal analyses. Solution structures were analyzed by *H and °F NMR
using a JNM-EC A600 NMR spectrometer equipped with an 14.0963-T cryomagnet. (JEOL
Ltd.) at room temperature. A coaxial NMR tube was used with the sample placed in the inner
tube and the deuterated solvent in the outer to prevent the interaction with the deuterated solvent.

The *H and °F NMR spectra were acquired using probes operating at 600.172 and 564.726 MHz,
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respectively. The 0.1 mol dm™ EG solutions of KF, RbF, and CsF were prepared in the glove
box by dissolving the corresponding alkali metal fluoride in EG.

X-ray fluorescence spectroscopy. Solubility was analyzed by X-ray fluorescence spectroscopy
using an EDXL 300 (Rigaku Corporation) spectrometer at room temperature under a He
atmosphere. Samples were loaded in a polypropylene container with a Prolene film window. The
calibration line was obtained by dissolving a weighed amount of alkali metal fluoride in alcohols
inside the glove box (three different concentrations for each alkali metal fluoride).
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SYNOPSIS TOC

This work investigates interactions of F~ with diols in alkali metal fluoride-diol complexes by
basic reactivity and solubility tests, X-ray diffraction and infrared spectroscopy. The differences
in alkali metal ion size and diol chain length produce various structural motifs of the F-diol
complex salts, and F---H interaction is more dominant than the F ---M" interaction in F~

coordination environment.
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