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a facially polarised cyclohexane
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The highest energy stereoisomer of 1,2,3,4,5,6-hexafluorocyclohexane, where all of the
fluorines are 'up’, is prepared in a 12-step protocol. The molecule adopts a classic chair
conformation with alternate C-F bonds aligned triaxial, clustering three highly
electronegative fluorine atoms in close proximity. This generates a cyclohexane with a
high molecular dipole (U = 6.2 D) unusual in an otherwise aliphatic compound. X-ray
analysis indicates that the intramolecular F,,...F,, distances (~2.77 A) are longer than the
vicinal F,..F, distances (~2.73 A) suggesting a tension stabilising the chair
conformation. In the solid state the molecules pack in an orientation consistent with
electrostatic ordering. Our synthesis of this highest energy isomer demonstrates the
properties that accompany the placement of axial fluorines on a cyclohexane and the
unusual property of a facially polarised ring in organic chemistry. Derivatives have
potential as new motifs for the design of functional organic molecules or for applications
in supramolecular chemistry design.

Fluorine is frequently used to modulate the properties of organic bioactives in
pharmaceuticals and agrochemicals'? and it also confers attractive properties of chemical
resistance to polymers (eg. poly-tetrafluoroethylene) or polarity to piezoelectric materials
such as poly-vinylidene fluoride and organic liquid crystals for displays®. The C—F bond is
the most polarised, and strongest in organic chemistry due to the highest electronegativity of
fluorine®. This renders fluorine a weaker hydrogen bonding acceptor and thus
organofluorines are poorly solvated in water, possessing ‘polar hydrophobic’ properties’. In
linear alkanes carrying fluoromethylene carbons (CHF), C—F bonds positioned on alternate
carbons tend to orientate away from each other to minimise dipolar repulsion, an aspect that
compromises the overall molecular dipole moment™’. However, if such 1,3-alignments could

be maintained, polar organic molecules would result. The cyclohexane ring is a core

structural motif in organic chemistry defined by its clear conformational preference and



hydrophobic nature®. In this paper we report the synthesis and structure of all-cis 1,2,3,4,5,6-
hexafluorocyclohexane 1, a cyclohexane that contains a fluorine atom on each carbon and

with a stereochemistry that has all of the fluorines on one face of the cyclohexane ring.

Progress towards this goal has been demonstrated for two of the isomers of all-cis
tetrafluorocyclohexane, where two diaxial C—F bonds align and that gave rise to crystalline
materials with dipole moments of p ~ 4.9-5.2 D’ Our goal was to extend to a 1,2,3,4,5,6-
hexafluorocyclohexane. There are 9 possible configurational isomers with 15 conformations
in total of 1,2,3,4,5,6-hexafluorocyclohexane, if the rings adopt a chair conformation (Fig. 1).
The ‘4 up 2 down’ structure (v) was recently prepared and characterised in our lab''.
Previous theoretical analyses performed at the DF-MP2/cc-pVTZ'? and MP2/6-31++G"
levels of theory, evaluated relative energies of all of the isomers and in each case revealed
that the ‘6 up’ isomer 1 (viii) i1s a stand out structure almost twice the energy of the next
nearest isomer in the series, due to the unique aspect of the 1,3,5-triaxial C—F bonds,

rendering it particularly polar.

At the outset it was not clear whether isomer 1 could be prepared synthetically. The strategy
envisaged the stereospecific conversion of C—O to C—F bonds via SN2 reactions occurring
with inversions of configuration. However, due to the steric and electronic repulsion required
to overcome placing three axial C—F bonds on a cyclohexane framework, it seemed entirely
plausible that elimination rather than substitution may follow lower energy pathways in the

last step of the synthesis (Fig. 2).

Results and Discussion

Synthesis. The route required a precursor with six vicinal C-Os all with the ‘down’
stereochemistry. cis-Dianhydroinositol 3 was prepared as a candidate precursor from myo-
inositol 2 by modification of previously described approaches (Supplementary Figure 1)'.

The stereochemistry of 3 was confirmed by X-ray structure analysis (Supplementary page



29), which showed all of the oxygen atoms configured cis around the ring. The high
symmetry of 3 allowed the fluorines to be introduced in pairs over the next two steps.

Treatment of 3 with Deoxofluor ™ '°

afforded 4 with both epoxide rings intact, using either
conventional (90 °C, 18 h) or microwave-assisted (60—100 °C over 15 min) heating. The
epoxides were then opened with 3HF+Et;N (180 °C, 2 h), also in a microwave-assisted
reaction, to afford tetrafluorodiol 5 as a single isomer as confirmed by X-ray structure
analysis (Supplementary Information page 30). The four fluorine atoms are all-cis to each
other, and trans to the remaining hydroxyl groups. No trace of alternative regioisomers was
observed. The final two deoxofluorination reactions were now explored and in the end were
completed sequentially rather than in a single transformation. Deoxofluorination of 5 under a
range of conditions and temperatures with DAST'®, Deoxofluor™ and XtalFluor-E®'" all
failed to progress the material to higher fluorinated products. The use of Deoxofluor'™ at
higher temperature (~120 °C) produced only traces of pentafluoroalcohol 7, however, with an
insufficient conversion to be viable. Progress required monotriflation (89% yield) to generate
6 and then displacement by fluoride ion using 3HF+Et;N at 120°C. Again microwave
assisted heating proved more practical than conventional heating and gave pentafluoroalcohol
7 (39% yield). Stereochemical inversion was again confirmed by X-ray structure analysis
(Supplementary Information page 30). Activation of the remaining alcohol moiety, also as a
triflate, generated 8. In order to introduce the final fluorine atom, 8 was treated with
3HF<Et;N under heated microwave conditions. Not unexpectedly, this reaction was very

sluggish, but it gave rise to three new products in addition to unreacted 8. The reaction was

followed by "’F{'H} NMR (Fig 3.).

The major component of the mixture was pentafluoroalcohol 7, which presumably arises
from fluorolysis, rather than fluoride ion displacement of the triflyl group. This is an unusual

reaction course for a triflate, one of the best leaving groups in organic chemistry and



indicates the difficulty in achieving the final substitution reaction. Also a pentafluoro alkene
(structure not unambiguously determined) is present, which presumably arose from fluoride
ion induced elimination of the triflate. However, analysis of the product mixture by '°’F NMR
indicated that the desired cis-hexafluorocyclohexane 1 was present as a minor component and

it was isolated after careful chromatography.

Structure analysis. X-ray structure analysis of a suitable crystal of 1 reveals a classic chair
conformation for the cyclohexane and as a consequence six alternating axial and equatorial
C-F bonds (Fig. 4). A calculated (M11/6-311G(2d,p)) electrostatic potential surface

profile'*"

illustrates very clearly that 1 is facially polarised (Fig. 4c). The axial fluorines
present a negative face and the axial hydrogens a positive face, a bipolar aspect unusual in an
organic motif. From the X-ray structure, the intramolecular axial/equatorial vicinal F...F
distances (~2.73 A) are actually shorter than the triaxial F...F distances (~2.77 A) suggesting
a slightly greater tension between the axial/equatorial fluorines rather than axial/axial
fluorines. This also manifests in the C—C—C angles, which alternate wider (~114°) /narrower
(~109°) around the ring, the wider angles having an equatorial fluorine on the central carbon,
suggesting that these fluorines are forced back with the three axial fluorines becoming
aligned, increasing the overall molecular dipole. This tensioning supports a chair over a more
splayed open structure. The molecular packing observed in the X-ray structure of 1 reveals
that the individual molecules stack on top of each other in a manner consistent with
electrostatic attraction between the non-equivalent faces of the cyclohexanes, rather than

perhaps an alternative ‘back to back’ mode between like ‘fluorous’ and ‘hydrocarbon’ faces

(Fig. 5)%.

The structure of 1 has some analogy to the recently described”' two dimensional (2D) C,F
chair representation of partially fluorinated graphene (Fig. 6) as determined by electron

microscopy. In that representation there are ordered domains of 1,3,5-triaxial fluorines on a



chair cyclohexane. The C,F chair represented in Figure 6 is predicted to be favoured over
other candidates® and has axial fluorines only on one face and more compacted (dgr = 2.52
A) than that found in 1 (dgr ~ 2.77 A), certainly in the idealised lattice structure. The non-
fluorinated carbons of the C,F structure have incomplete valencies and the material is
predicted to be metallic. Also it is predicted that if hydrogen atoms adsorb to the lower face it
will become positively polarised and the material will possess a permanent transverse electric

field*. Our observations for 1 are clearly consistent with such a prediction.

EXSY “F NMR experiments. Variable temperature NMR studies were conducted to
measure the energy barrier to ring-flipping for 1 in solution. Thermodynamic parameters for
the degenerate ring-flip were calculated using '’F EXSY (exchange correlation spectroscopy)
(470.6 MHz) (Supplementary Figure 3)*. Data points were measured between 241 K and 273
K, from which an Eyring plot was constructed (Supplementary Figure 4). Extrapolation of the
plot, calculated the barrier to degenerate ring-flip to be AH* = 13.3 + 0.43 kcal mol”', AS* = -
3.8 + 1.6 cal mol'K!, which is only a little higher than cyclohexane itself (AH* = 10.8 kcal
mol™”, AS* = 2.8 cal mol’ K)*, and suggests that the ground state chair and transition

structure of 1 are both significantly raised relative to cyclohexane.

Theoretical calculations. A molecular dipole value of 6.2 D for 1 was calculated at M11/6-
311G(2d,p) theory level using NBO 6.0°°*. This value was calibrated against the calculated
values for dimethyl sulfoxide (4.07 D) and fluoroform (1.68 D) at the same theory level,
which are in good agreement with their experimentally measured values (3.96 D and 1.65 D
respectively)®". The magnitude of the molecular dipole of 1 is the highest we can identify
for a non-ionic, aliphatic or aromatic organic compound. E.g. it is more polar than 2-
pyridinecarbonitrile (5.78 D), 2-methoxynitrobenzene (5.0 D), N-methylacetamide (4.3 D),
and benzonitrile (4.18 D)*°. In terms of aliphatics, the previously prepared all-cis 1,2,3,4-

9,10

and 1,2,4,5- tetrafluorocyclohexanes (calculated at 4.91 D and 5.24 D respectively)™ ", and



ethylene carbonate (4.9 D measured)®” have the closest molecular dipole values to 1. Thus 1
appears to be a privileged compound in terms of its high molecular dipole moment. Related
characteristics are found in poly-vinylidine fluoride (PVDF) the well-described piezoelectric
polymer which displays a high dipole moment when the CF, groups are aligned (poled) in an
electric field®'. The orientation of the CF, groups antiparallel to the CH, groups in the

extended polymer chain maximises the molecular dipole of PVDF.

Finally, natural bond orbital (NBO) analysis using NBO 6.0 (M11/6-311G(2d,p) theory
level) (Table 1, Supplementary Table 1 and Supplementary Figure 5) provides some insight
into the bonding in 1, and, in particular, the principal interactions between fluorine lone pairs
and other orbitals. For the axial fluorines, primary hyperconjugative interactions exist
between two of the lone pairs and antibonding (0*) orbitals associated with the geminal C-C
and C—H bonds. The lone pair (LP’) that interacts with the C—C bonds distributes almost
equally into both geminal o* C—C orbitals. Similar interactions, although slightly weaker,
exist between the lone pairs associated with the equatorial F atoms and the corresponding
o0*(C-C) and o*(C—H) orbitals. Significant interactions also exist between the o orbitals
associated with the axial C—H bonds and the o* orbitals of the adjacent antiperiplanar C—F
bonds. Although these interactions account for the classical gauche effect’” in 1,2-
difluoroethane, in this case they are somewhat less significant than those involving fluorine

lone pair dispersion.



Conclusion

The synthesis of the highest energy, all-cis isomer of 1,2,3,4,5,6-hexafluorocyclohexane 1
demonstrates that it is possible to assemble a molecule with three triaxial C—F bonds as a
design feature in a non perfluorous material. Benzene and hexafluorobenzene are known to
pack in alternating stacks in the solid state due to the complementary electrostatics of each
ring®**, however, the polarised faces of hexafluorocyclohexane 1 presents a fusion of that
arrangement where a single ring has differentially polarised faces. Derivatives of such a
fluorinated ring system present a novel design and should impart particular properties when
incorporated into higher molecular architectures for applications ranging from organic
materials to bioactives or as a single ring with complementary faces for exploration in

supramolecular chemistry.

Methods

Microwave-assisted fluorination of 3 with Deoxofluor. Dianhydroinositol 3 (390 mg,
2.7mmol, 1 eq) was dissolved in a solution of Deoxofluor in THF (50% w/, 2.58 mL,
6.0 mmol, 2.2 eq) and was heated by microwave irradiation (50 W, temperature ramp 60—
100°C) in a Teflon flask for 20 min. The reaction mixture was cooled to RT and the resulting
dark solution was purified directly by silica gel chromatography, eluting with

dichloromethane, to afford 4 (376 mg, 94%) as a colourless oil.

Microwave-assisted fluorination with 3HF-Et;N. 8 (14.0 mg, 0.04 mmol) was dissolved in
triethylamine trihydrofluoride (1 mL) and heated by microwave irradiation (50 W, 120 °C) in
a Teflon flask for 2 x 2 h. The resulting sticky brown material was reconstituted with ethyl
acetate (10 mL) and poured into saturated aqueous sodium hydrogen carbonate solution
(20 mL). The layers were separated, and the aqueous phase was re-extracted with ethyl

acetate (3 x 10 mL). The combined organic phase was washed with brine (10 mL), dried over



MgSOQ,, filtered and concentrated in vacuo, affording a brown gum. Purification of the gum
by repeated silica gel chromatography, eluting with dichloromethane and methanol (98:2),
furnished 1 (ca. 0.8 mg, 10%) as a gum. Crystals suitable for single crystal X-ray structure

determination were obtained by slow evaporation of a solution of 1 in CD,Cl,.

EXSY NMR Spectra Analysis to determine thermodynamic parameters of degenerate
ring inversion of 1. ’F NMR EXSY spectra of 1 in CD,Cl, were recorded at 470 MHz on a
Bruker Avance 500 spectrometer equipped with a variable temperature 5 mm QNP probe
across the temperature range 247-273 K. The accurate temperatures for each data point were
determined using a standard sample of 4% MeOH in d4-MeOD. Complete lineshape analysis
was carried out using Bruker Topspin D-NMR module. Further details and the
thermodynamic parameter calculations are provided in the Supplementary Information, pages

33-34.
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Figure 1| The structures and relative energies of all isomers of 1,2,3,4,5,6-hexafluorocyclohexane. a, The
chair structures of all the different isomers (9 configurational and a total of 15 possible conformational
isomers) of 1,2,3,4,5,6-hexafluorocyclohexane are illustrated. b, Histogram format of the calculated (MP2/6-
31++G)13 relative ground state energies of each isomer in kcal molq. They are shown in ascending order of
their ground state chair structures; the lowest energy isomer being i (0.00 kcal molq). Blue bars denote the
lowest energy configurational isomers and red bars indicate the higher energy conformational isomers, when
a particular configurational isomer undergoes a ring flip between alternative chair structures. Structures iv, v
and viii have a single blue bar which denotes that their corresponding ring flip structures are degenerate (iv,
v and viii). The ring flip of v is degenerate, but produces the enatiomeric structure.
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Figure 2 | Synthetic route to all-cis 1,2,3,4,5,6-hexafluorocyclohexane 1. The route commenced from myo-
inositol 2, which was converted to diepoxidediol 3 over 6 steps (see Supplementary Information) following
known chemical transformations. This afforded 3 as the source of an appropriately functionalised
cyclohexane with all of the C-O bonds on one face of the cyclohexane ring. The synthesis of 1 was then
achieved by progressing through a sequence of deoxyfluorination reactions occurring with an inversion of
configuration at each carbon in order to achieve the desired all-cis arrangement of the fluorine atoms around

the ring.
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Figure 3 | 19F{1H} NMR spectra of all-cis 1,2,3,4,5,6-hexafluorocyclohexane 1. a, A partial 19F{WH} NMR
spectra (470.6 MHz, CD,Cl,, 298 K) (with inset) of the product mixture arising from the last synthesis step
in the conversion of 8 to 1. Three co-produced products (1, 7 and pentafluoro alkene) are formed (in addition
to residual starting material 8) and the signals are assigned to the structures as shown. b, The 19F{WH} NMR
spectra (470.6 MHz, CD,Cl,, 298 K) of purified 1 after chromatography showing the non equivalent axial and
equatorial fluorine environments.
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Figure 4 | Different representations of all-cis 1,2,3,4,5,6-hexafluorocyclohexane 1. a and b show two
orientations of the single crystal X-ray structure of 1 illustrating a, the chair conformation with alternating
axial and equatorial C-F bonds and b, a top down view of the structure highlighting the mean distances
between fluorine atoms and the alternating variation of the mean C-C-C angles around the ring. All distance
and angle measurements from the single crystal structure are shown in Supplementary Figure 2 (page 28).
Notably the ring is not distorted and the three triaxial C-F bonds are close to parallel. ¢, Electrostatic
potential surface maps derived from an M11/6-311G(2d,p) electronic structure calculation, show that the
molecule is highly polarised with a -ve (blue) and a +ve (red) face. The fluorine (blue -ve) and hydrocarbon
(red +ve) faces are colour contrasted in top bottom and side view profiles of 1.
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Figure 5 | Representation of the crystal packing structure of 1, derived from the single crystal X-Ray data.
The shortest intermolecular distances between molecules are shown in Angstroms (A), highlighting the key
intermolecular interactions. The molecules arrange consistent with facial polarity and electrostatic ordering
with negatively-charged fluorine faces contacting the positively-charged hydrogen faces of adjacent
molecules, rather than an alternative mode of packing where fluorous-fluorous and hydrocarbon-
hydrocarbon faces could aggregate together.
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Donor (L) NBO Accel[\)ltl;):‘)(NL) Energy /kcal mol’
n (F'y LPY C' Rydberg 7.5
n (F'y LP?) o* C'-H' 10.1
n (F'y LP?) o* C'-C? 7.8
n (F'y LP?) o* C'-C° 7.7
n (F%,, LP") C? Rydberg 7.5
n (F% LP%) o* C-H? 10.6
n (F% LP?) o* C—C' 7.0
n (F% LP?) o* C—C’ 6.9

o C-H’ o* C'-F' 6.3
o C-H’ o* C-F° 6.3

Table 1 | Natural Bond Orbital (NBO) interaction energies (NBO 6.0, M11/6-311G(2d,p) theory level)
calculated for the axial and equatorial fluorine atoms of 1. The data gives an insight into the electron
distribution of the three fluorine lone pairs (two with p-orbital character and one with s-orbital character)
within the molecule, and particularly how the electron distribution adapts to placing the ax/eq and ax/ax
fluorine atoms within close proximity to each other. The most stabilising interactions for both the axial and
equatorial fluorines involve dispersion of the electron density of one lone pair (LP3, p-character) into two
adjacent C-C antibonding orbitals. The F lone pairs with s-character, interact with the diffuse Rydberg state
on the attached carbon atom. The full table of NBO interactions, and diagrammatic representations of the
NBOs in Table 1 are shown in the Supplementary Table 1and Figure 5 (page 36-37).
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a=0.252 nm

Figure 6 | Representation of the 2D structure of C,F chair graphene.21 This structure was determined by
transmission electron microscopy after the partial fluorination of graphene with XeF,. Exit wave
reconstruction (EWR) images suggest fused six membered rings in a chair conformation with the fluorines
attached to alternate carbons and only on one face of the graphene. There are no hydrogens in the structure.
The idealised structure has rings with three axial C-F bonds and therefore has some analogy with the
structure of 1. Image by permission from Nature Commun.m.
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