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Recently, active matrix liquid crystal displays (AM-LCD or
thin film transistor LCD, TFT-LCD) have been evolving
rapidly towards becoming the major technology for flat panel
diplays.[1] To save costs in the mass production of display
panels, there is a strong tendency to reduce the driving voltage
of active matrix LCD. On the materials side, the consequence
of this trend is the demand for liquid crystals with a higher
dielectric anisotropy (De) in order to obtain an electrooptical
response.[2, 3]

In designing liquid crystals the most efficient way to
increase De is by using a polar terminal group with the
maximum possible dipole moment. The current limit for
AMD-compatible materials is achieved with the trifluoro-
methyl group (e.g. 1 a : De� 8.6). Unfortunately, the much

more polar and nematogenic materials based on a terminal
cyano group (e.g. 1 b, PCH-3: De� 21.1) cannot be used for
active matrix diplays. The cyano group tends to solvate
ubiquituous ionic impurities[4] resulting in a low voltage
holding ratio[5] and observable flicker and contrast loss in the
display panel.

To further increase the dielectric anisotropy (De) of the
materials, a polar ring such as 1,3-dioxane or 1,3-dithiane can
be introduced. Fluorine substituents in ortho-position to the
terminal group also result in an increase of De, but at the cost
of a drop of the clearing points by 30 ± 40 K per lateral
fluorine atom.[6, 7] For polar two-ring materials in particular
this latter option leads to unacceptably low clearing points.

Following and anticipating the technological trend to lower
driving voltage, we concentrated on the identification and
evaluation of a new, more polar terminal group that is
compatible with active matrix technology and does not
require lateral fluorination to obtain an acceptably high
dielectric anisotropy (De). Our interest was especially focused
on two-ring materials with low rotational viscosity (g1).[3]

Other prerequisites for practical display applications are high
chemical and photochemical stability of the liquid crystalline
materials.

A most interesting candidate as a highly polar head group
for liquid crystals is the pentafluorosulfuranyl group.[8] This
functional group is known to be even more stable than
trifluoromethyl against hydrolytic agents, also at elevated
temperatures. In addition, the dipole moment m of 3.44 D of
pentafluorosulfuranylbenzene[9] (compared to 2.60 D for
benzotrifluoride) indicates that liquid crystals with very high
dielectric anisotropy can be obtained. A semiempirical cal-
culation[10] (PM3) on 4-(propylcyclohexyl)pentafluorosulfur-
anylbenzene (1 c) gave a DePM3 value of 22.2, exceeding even
that of the cyano-based based PCH-3.

The chemistry of pentafluorosulfuranylbenzene derivatives
was first studied thoroughly at the beginning of the 1960s by
W. A. Sheppard,[9] and its use for liquid crystals was the
subject of a preliminary investigation in our group at the end
of the 1980s.[11] These studies were impeded by the incon-
venient synthesis of pentafluorosulfuranylbenzene derivatives,
which was based on a two-step reaction of aromatic disulfides
with silver difluoride in the severely ozone-depleting solvent
1,1,2-trichloro-1,2,2-trifluoroethane (ªFreon 113º). The re-
cent introduction of the direct fluorination of deactivated
aromatic disulfides made the precursor 2 commercially
available in kilogram quantities.[12] This finally enabled us to
develop a suitable synthesis, systematically screen pentafluoro-
sulfuranyl-derived liquid crystals, and compare them with
conventional cyano- and fluoro-based materials.
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The synthesis of all the pentafluorosulfuranyl-substituted
liquid crystals started from 4-nitropentafluorosulfuranylbenz-
ene (2), which was hydrogenated to the aniline 3 and
subsequently converted into the bromide 4 under Sandmeyer
conditions (Scheme 1).[9b] Compound 4 is a versatile synthetic

building block which can be easily converted into a variety of
liquid crystals[13] either directly or via the aldehyde 7 or the
phenol 5. The purity of the newly synthesized compounds was
verified to be at least 99.5 % by GC or HPLC.

The only unexpected ªcomplicationº during the syntheses
was the sensitivity of 4 towards n-butyllithium. In Sheppard�s
original paper[9b] no significant side reactions under Grignard
conditions were reported. Nevertheless, our attempts to
metalate 4 with n-butyllithium resulted in an immediate dark
coloration of the solution, even at ÿ78 8C. After workup only
the products 13 and 14 were isolated (Scheme 2). Apparently,
the pentafluorosulfuranyl group with sulfur in its highest
oxidation state was undergoing a redox reaction. Fortunately,
the initial problem could be solved by using tert-butyllithium,
which produced no unwanted side reactions.

To evaluate the influence of the pentafluorosulfuranyl
group on the actual, not extrapolated, mesophase behavior of

Scheme 2. Products isolated from the reaction of 4 with nBuLi: a) nBuLi,
THF; ÿ78 8C (13 : 6 %, 14 : 4%).

typical liquid crystal core structures, we synthesized also the
three-ring materials 15 ± 17.[13] Due to their higher clearing

points, fluorinated three-ring liquid crystals
have a much stronger tendency to display
mesophases than the two-ring materials.[14] To
our surprise, the experimentally determined
dielectric anisotropies of the newly synthe-
sized pentafluorosulfuranyl derivatives (1 c :
Deexp� 12.0) were far lower than predicted by
our otherwise very reliable method[10] (1 c :
DePM3� 22.2). Even if our quite ambitious
initial target was not met, the physical
evaluation (Table 1) shows that pentafluoro-
sulfuranyl-based liquid crystals are still the
most polar class of liquid crystals that is
compatible with active matrix display tech-
nology. The dielectric anisotropy can even be
enhanced with a concomitant slight increase
of the clearing point, if in the phenylcyclo-
hexane derivative 1 c the cyclohexane ring is
replaced by a 1,3-dioxane (8 : Deexp� 20.3) or
a 1,3-dithiane unit (9 : Deexp� 22.3). The
polarities of 8 and 9 are even in the range of
typical cyano-functionalized compounds such
as 1 b (PCH-3). The trifluoromethyl-substi-

tuted liquid crystals are slightly less polar than the penta-
fluorosulfuranyl derivatives.

A less favourable property of the pentafluorosulfuranyl-
based liquid crystals is their relatively high rotational viscosity

Scheme 1. Synthesis of pentafluorosulfuranyl-based two-ring liquid crystals: a) H2, 5% Pd/C,
THF; b) 1. HBr, NaNO2; ÿ5 8C; 2. CuBr; room temperature!80 8C (46 %); c) 1. tBuLi, Et2O;
ÿ70 8C; 2. B(OMe)3; ÿ70!ÿ 20 8C; 3. HOAc, H2SO4, H2O2 (30 %); ÿ20!35 8C, 1 h (58 %);
d) 4-propylcyclohexylcarbonyl chloride, pyridine, 0.1 equiv dimethylaminopyridine, CH2Cl2

(24 %); e) 1. tBuLi, Et2O; ÿ78 8C; 2. N-formylpiperidine; ÿ40 8C!room temperature (76 %);
f) 2-(trimethylsiloxymethyl)-1-trimethylsiloxypentane, cat. Me3SiOTf, CH2Cl2; ÿ78 8C, 30 min
(67 %); g) 2-thiomethylpentane-1-thiol, BF3 ´ Et2O; room temperature, 1 h (28 %); h) 1. tBuLi,
Et2O; ÿ78 8C; 2. 4-propylcyclohexanone; ÿ78 8C!room temperature; 3. cat. TsOH, toluene;
azeotropic removal of water (55 %); i) H2, 5% Pd/C, THF (25 % pure trans isomer); j) 4-
propylphenylboronic acid, cat. [Pd(PPh3)4], toluene, 2n NaOH; room temperature, 2 d (23 %);
k) 1-ethynyl-4-propylbenzene, cat. [Pd(PPh3)4], pyrrolidine; room temperature, 18 h (33 %).

Table 1. Physical properties of the pentafluorosulfuranyl derivatives and
some selected conventional fluorinated liquid crystals.

Entry (Meso)phases TNI,extr De Dn g1

[8C] [mPa s]

1a C 22 I ÿ 90.0 8.6[b] 0.036[b] ±
1b C 45 N 46.1 I 10.1 21.1 0.136 116
1c C 11 I ÿ 96.8 12.0 0.087 133
1d C 31 I ÿ 54.0 4.3[b] 0.1[b] ±
6 C 70 I ÿ 31.6 12.4 0.091 ±
8 C 69 I ÿ 79.9 20.3 0.091 145
9 C 93 I ÿ 66.4 22.3 0.096 ±

10 C 29 I ÿ 84.9 14.2 0.124 ±
11 C 68 I ÿ 16.8 16.4 0.224 ±
12 C 68 I ÿ 84.5 15.8 0.161 ±
15 C 121 I 97.8 11.6 0.094 612
16 C 109 N (87.8) I 94.8 14.3 0.154 442
17 C 90 N 152.8 I 132.9 12.3 0.087 ±

[a] Clearing points (TNI,extr), dielectric anisotropies (De), birefringences
(Dn), and rotational viscosities (g1) are extrapolated from the Merck liquid
crystal mixture ZLI-4792.[14] C� crystalline, N�nematic, I� isotropic.
Numbers in parentheses denote monotropic phase transitions. [b] Values
were extrapolated from ZLI-1132.
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(g1), which is in the range of that of the cyano materials (1 c vs
1 b). Another disadvantage with regard to technical applica-
tion is the relatively high melting point of most of the newly
synthesized materials.

Why are the predicted dielectric anisotropies so much
higher than the experimental data? An X-ray crystal structure
of 8[15] was supposed to help us identify the possible reasons
and develop a more reliable prediction method. The X-ray
structure (Figure 1) shows that the equatorial fluorine atoms

Figure 1. X-ray crystal structure of 8.[15] For selected bond lengths and
angles see Table 2.

of the pentafluorosulfuranyl group are staggered relative to
the ortho hydrogen atoms of the benzene moiety, resulting in
local C2v symmetry. The only significant difference with regard
to the molecular dipole moment between the PM3-optimized
structure and the X-ray structure is the Car-S-Feq angle: aPM3�
95.68 vs aX-ray� 92.38. At first glance we thought that this
difference was too small to account for the deviation of ten
units from our predicted De.

Intuitively, one expects that materials such as 1 c and 8
derive their high dielectric anisotropy mostly from the one
sulfur ± fluorine bond directed along the long molecular axis
of the liquid crystal.[2] The other four SÿFeq dipoles are
directed like a ring symmetrically in nearly perpendicular
directions, due to the octahedral geometry at the hypervalent
sulfur atom. Therefore, they should not contribute very much
to the molecular dipole moment. The electronegativities
(EN)[16] are 4.1 for fluorine, 2.44 for sulfur, and 2.5 for carbon.
Accordingly, under the assumption of similar polarizability of
the aromatic part of the molecule, the dipole moments of 1 d
(CÿF dipole; DEN� 1.6; bond length �136 pm) and 1 c
(SÿFax dipole; DEN� 1.66; bond length �158 pm) should
differ by no more than �20 %. Contrary to the expectations
based on this rather crude model, the measured De values are
4.3 for 1 d and 12.0 for 1 c. This big difference in polarity is too
large to be explained only by the stronger-than-usual polar-
ization due to the hypervalent character of only one axial
SÿFax bond.

So what is the reason for the strong dipole moment and the
high dielectric anisotropy of aromatic pentafluorosulfuranyl
derivatives? We approached the problem from two sides: our
first goal was a better structure prediction, especially for the
presumably sensitive Car-S-Feq angle a. The second goal was to
find out more about the dependence of the molecular dipole
moment on a.

The best fit between X-ray data and a calculated structure
was obtained when the structure was optimized on the HF/6-
31G* level.[17a] While the Car-S-Feq angle a was very close to
the experimental value, the dipole moments and the polar-
izabilities based on ab initio calculations tended to be far too

large (mai� 6.75 D, Deai� 33.3, Dnai� 0.025 for 8). Therefore,
on the supposedly realistic HF/6-31G*-optimized structure of
8 we calculated a PM3 single point in order to obtain the
dipole moment and the polarizabilities required for the
calculation of De and Dn.[2, 10] This method finally led to a
good correlation of experimental with calculated electro-
optical parameters, and a reliable computational model for
hypervalent sulfur fluorides became available (Table 2). A
calculation by the same method predicts for 1 c a Decalc value
of 13.0 and a Dncalc of 0.083, also in excellent agreement with
the experimentally determined data (Deexp� 12.0, Dnexp�
0.087, see also Table 1.)

An ab initio model study on pentafluorosulfuranylbenzene
indicates the reason for the grossly overestimated dipole
moments m and De values as predicted from PM3-optimized
structures: The dipole moment depends strongly on the Car-S-
Feq angle a, which yields readily to steric pressure (Figure 2).
A deformation from its minimum (�92.58) by 18 leads to an
additional dipole moment of roughly 0.3 D and requires less

Figure 2. Correlation between dipole moment m, the deformation energy,
and the twist angle a for pentafluorosulfuranylbenzene, calculated by an ab
initio (HF/6-31G*) and a DFT method (B3LYP/6-31G*).[17b] ^�HF/
6-31G*, ~�HF/B3LYP/6-31G*, &� dipole HF/6-31G*, *� dipole
B3LYP/6-31G*.

Table 2. Comparison of calculated and experimentally determined param-
eters for 8.[a]

Parameter Experimental PM3//PM3 6-31G*//6-31G* PM3//6-31G*

CarÿS [�] 1.8066(18) 1.833 1.799 ±
SÿFeq [�][b] 1.5827(13) 1.590 1.583 ±
SÿFax [�] 1.5791(12) 1.609 1.577 ±
Car-S-Feq [8][b] 92.31(7) 95.6 92.57 ±
m [D] ± 7.07 6.75 5.58
De 20.3 35.9 33.3 21.3
Dn 0.091 0.091 0.025 0.088

[a] The experimental bond lengths and angles are based on the X-ray
structure; the dielectric anisotropy (De) and birefringence (Dn) were
extrapolated from ZLI-4792.[14] The calculated data were obtained by three
different methods: PM3//PM3: PM3 structure optimization, polarizabil-
ities, and dipole moment.[10] 6-31G*//6-31G*: Ab initio (HF/6-31G*)
structure optimization, polarizabilities, and dipole moment.[17b] PM3//6-
31G*: HF/6-31G* structure optimization, subsequent PM3 single point for
polarizabilities and dipole moment as required for the electrooptical data.
[b] Average values for all four Feq atoms.
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than 1 kcal molÿ1 for moderate deformations. A density
functional theory calculation (DFT; B3LYP/6-31G*) predicts
slightly lower strain energies also for larger deformations.

The calculations in combination with the X-ray structure
data indicate that the relatively high dipole moment m of the
aromatic pentafluorosulfuranyl group is linked to two fea-
tures. First, a twist of the equatorial fluorine atoms by roughly
2.58 out of the equatorial plane results in an additional
component to the overall dipole moment in the direction of
the long molecular axis. Second, the SÿF bonds are highly
polarized due to the hypervalence of the sulfur atom.

An interesting point with regard to materials design is the
theoretical possibility to ªtuneº the dipole moment of the
pentafluorosulfuranyl group by pushing the ªsoftº equatorial
fluorine atoms into the desired direction with specific steric
pressure of neighboring groups.

The pentafluorosulfuranyl group as a polar terminal group
for liquid crystals leads to a new class of liquid crystals with
the highly attractive combination of very strong dielectric
anisotropy (De) and reasonably high extrapolated clearing
points. A computational model was developed with the aim to
understand and predict the electrooptic properties of liquid
crystals based on hypervalent sulfur fluorides. Due to its
chemical robustness and its polar but lipophilic character, the
pentafluorosulfuranyl group surely also has some unexplored
potential as a structural component not only liquid crystals
but also in polymers and pharmaceuticals.
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