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Super-Fluorinated Liquid Crystals: Towards the Limits of Polarity
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Highly fluorinated liquid crystals with unprecedented po-
larity were obtained by introducing a tetrahydropyran moi-
ety into their mesogenic core structure. The new materials
exhibit an unusually favourable combination of mesophase
properties, excellent solubility and low rotational viscosity,

which renders them highly attractive for application in fast-
switching active matrix LCDs.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

In the recent few years, liquid crystal display (LCD) tech-
nology has been firmly established, and it has permeated
nearly every aspect of our daily lives. However, the devel-
opers of liquid crystalline materials for active matrix (AM)
LCD are still facing many technical challenges.!'-!

The most important issue in need of improvement are
materials for application in LCD TVs. Here, extreme endur-
ance of the liquid crystal towards long-term thermal or
photochemical stress is asked for. Another problem area
is the design of liquid crystals for displays with very low
power consumption, as they are used for mobile devices,
such as notebook PCs, mobile phones or PDAs.

On the level of materials design, a major problem is how
to combine high dielectric anisotropy (Ae)># with good
mesogenic properties, sufficient solubility and — in particu-
lar — high reliability. There are also some limitations in the
toolbox of the designer of liquid crystals for AM LCDs:
nitrogen heterocycles or nitrile groups that would enhance
the molecular dipole moment should not be used, because
they either promote photochemical degradation of the LC
mixture or cause image sticking in the LCD panel as a re-
sult of their strong affinity towards ionic trace impurities.!
Accordingly, all materials currently in use for AM LCD are
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so-called super-fluorinated materials (SFM), whose dipole
moment is mainly derived from polar carbon—fluorine, and
in a few cases from carbonfoxygen, bonds (Scheme 1).
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Scheme 1. Examples of highly fluorinated (SFM) liquid crystals
currently in use for LCD applications. Compounds 3 and 4 repre-
sent the current limits of polarity for commercial materials of AM
LCDs.

This leaves three possible strategies for the design of very
polar materials, and these methods involve the use of: (1)
extremely polar fluorinated terminal groups, such as CF3
or SFs,® enhanced by laterally fluorinated aromatic ring
structures;! (2) intrinsically polar bridge structures, such
as CF,0 bridges® and (3) polar aliphatic oxygen heterocy-
cles.[”! Strategies (1) and (2) alone are usually not sufficient,
and the use of 1,3-dioxane building blocks (strategy 3) often
causes reliability problems under oxidative or hydrolytic
stress. Another problem of polar liquid crystals with exten-
sive aromatic fluorination is their generally quite high melt-
ing points, which are limiting the solubility in nematic mix-
tures.

Results and Discussion

A structural building block combining the polarity of di-
oxanes with high chemical stability and a tendency to pro-
mote the solubility of its derivatives is the tetrahydropyran
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(THP) structure. Singular examples of THP-based liquid
crystals have been mentioned in the literature for years,!‘
but several practical obstacles have impeded the systematic
exploration of this highly interesting compound class. As
the major problem, there is a lack of a generally applicable
synthetic procedure. There are several examples for chiral,
THP-based liquid crystals where the synthesis starts from
natural, chiral pool carbohydrate precursors. The methods
reported so far for the preparation of liquid crystals based
on racemic THP!'!"4 often have only a rather limited
structural scope.

In order to fully explore the potential of liquid crystals
with a THP substructure, we developed two new synthetic
approaches: one based on the ring opening of alkyl
oxetanes,!'>! and the other one starting from alkyl 8-valero-
lactones.!'®

The d-valerolactone synthesis (Scheme 2) gives the best
yields for the ethyl, n-propyl and n-butyl analogues. For
longer side chains, an increased tendency towards polymeri-
zation decreased the reaction yield as well as the purity of
the lactone. Lactone 8 was treated with 4-bromo-1-lithio-
benzene, and intermediate 9 was then reduced and iso-
merized into trans-10. Bromide 10 can serve as a key inter-
mediate for a variety of liquid crystals that are structurally
analogous to commonly used, highly fluorinated materials
for AM LCDs. Another central intermediate is ketone 12,
which is readily available in two steps via phenol 11. For
example, addition of Grignard compounds, followed by
acid-catalyzed elimination of the tertiary alcohol, hydrogen-

CHO OH
H,C CHO — " H C—LCOOMe — H,C; COOMe
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Scheme 2. Synthesis of tetrahydropyran derivatives by the d-valero-
lactone route. Reagents and conditions: (a) 1. methyl acrylate,
Et,NSiMe;, CH;CN, reflux, 18 h; 2. HOAc, H,O, reflux, 18 h
(68 %, crude product used for subsequent step); (b) NaBH,, 2-pro-
panol, room temp., 18 h (87%); (c) 1. cat. p-TsOH, toluene, reflux
with azeotropic water removal; 2. distillation (61%); (d) 1,4-dibro-
mobenzene, nBuLi, Et,O, —50 (2 h) to —10 °C (crude product used
for subsequent reaction); (e) 1. BF5;-OEt,, Me;SiH, CH,Cl,, 70
(2h) to —10 °C (44 %); 2. AlCl; (0.2 equiv.), CH,Cl,, 20 °C, 30 min
(95%); (f) 1. nBuLi, THF, —70 °C (2 h), then B(OMe);, —70 (2 h) to
—~10 °C, 2 N HCI (75%, crystallized from n-hexane); 2. 30% H,O,,
H,0, HOAc, THF, room temp., 6 h (89%);-(g) H,, 5% Pd-C, xy-
lene, 5 bar, 120 °C (75%); (h) 1. 1-bromo-3,4,5-trifluorobenzene, 2-
PrMgCl, THF, room temp., 1 h, then 12, room temp., 1 h; 2. Me-
SO,Cl, NEt;, CH,Cl,, 0 °C to room temp., 18 h (45%); 3. H,, 5%
Pd-C, THF, 1 bar, room temp. (60 %).
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ation and fractionated crystallization of the trans,trans iso-
mer gives liquid crystal 13, which is a structural analogue
of 1.

Bromide 10 is a versatile intermediate for the synthesis
of THP derivatives. Suzuki coupling with suitable boronic
acids!!”! furnishes liquid crystals 14 and 15 (Scheme 3).
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Scheme 3. Use of bromide 10 as a versatile intermediate for the
synthesis of liquid crystals 14 and 15. Reagents and conditions:
(a) 3,4,5-trifluorobenzene boronic acid, N,H4-H-O, Na;BO5-8H,0,
cat. PdCl,(PPhs),, H,O, THF, reflux, 90 min (71%); (b) 16,
N2H4'H20, Na3B03‘8H20, cat. Pdclz(PPh3)2, Hzo, THF, reflux,
18 h (61%), (c) 1. iPrMgCl, THF, -5 °C, 1 h; 2. B(OMe),;, THF,
-5°C, 1 h; 3. 16% HCI, -5 °C, 30 min (95%).

The synthesis of another THP analogue of 1 (Scheme 4)
started with oxetane 18,['>! which was treated with an ester
enolatel'3 to give lactone 20. Addition of 3,4,5-trifluoro-
1-lithiobenzene and subsequent reduction of the resulting
hemiketal furnished liquid crystal 21.
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Scheme 4. Synthesis of lactone 20 as a precursor of tetrahydropy-
ran-based liquid crystal 21. Reagents and conditions: (a) tBuOAc,
LDA, THF, 78 °C, 25 min, then 18, BF3-OEt,, -78 °C (1 h), then
room temp. (27%); (b) CF;COOH, CH,Cl,, room temp., 18 h
(81%); (c) 1. LiPhF;, Et,O, =70 °C (2 h), then room temp. (85%
crude); 2. BF5-OEt,, Me;SiH, CH,Cl,, =70 (2 h) to —10 °C (54%).

Peterson olefination of versatile intermediate 12 with 2-
trimethylsilyl-1,3-dithiane!'®! furnished ketene dithioketal
22, which was subsequently converted into difluoroether
24 by a one-step protonation—equilibration—fluorodesul-
furation procedure (Scheme 5).[8!

The preparation of difluoroether liquid crystal 29 with
the THP unit as the middle ring was basically done in anal-
ogy to the synthesis of 24, but required some small but es-
sential modifications (Scheme 6). Enolketene dithioketal 25
was prepared by a Horner-Emmons reaction of lactone 21
with activated phosphonic ester 26.!'°1 Differently from the
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Scheme 5. Synthesis of difluorooxymethylene-linked liquid crystal
24 by the one-pot conversion of ketene dithioketal 22. Reagents
and conditions: (a) 2-Me;Si-1,3-dithiane, nBuLi, THEF, -70 °C to
room temp., 18 h (82%); (b) CF5SO3;H, CH,Cl,, —20 °C to room
temp. (30 min) to —70 °C; (c) 1. F3PhOH, NEt;, CH,Cl,, 70 °C,
30 min; 2. NEt;-3HF, 70 °C; 3. DBH, CH,Cl,, -70°C (1 h) to
room temp. (19%).

usual procedure,® the protonation—alkoxydifluorodesulfur-
ation had to be carried out at very low temperatures (be-
tween —90 and —100 °C) and the reagents had to be added
as fast as temperature control allowed. Otherwise, not even
trace amounts of any defined product or byproduct were
isolated. Only by applying these modifications could di-
fluoroether 27 be obtained in a very modest yield of 0.9%.

At first, our prime suspect for these complications was
that the protonation of the double bond in intermediate 26
might occur at the wrong position. However, computational
analysis [MP2/6-311+G(2d,p)//B3LYP/6-31G(d)+ZPE level
of theory]?% of the relative energies of the different possible
protonation products ruled out this scenario. It might be
speculated that during the fluorodesulfuration sequence a
competing rearrangement of the THP oxygen atom to one
of the transient electrophilic centres occurs.

Compounds 32 and 34 were selected as candidates for
polar liquid crystals with very low birefringence (An) — a
target that is not easily achievable with purely carbocyclic
ring structures. Ketone 12 was treated with the Ruppert—
Prakash reagent, Me;SiCF;?!! under fluoride catalysis
(Scheme 7). Resulting trifluoromethyl carbinol 30 was first
eliminated to olefin 31, which was subsequently hydroge-
nated to a mixture of the cis and trans isomers of 32. De-
sired isomer trams,trans-32 was isolated by repeated
crystallization from n-heptane. Isomeric compound 34 was
prepared according to our recently developed method.['”]

Finally, we wanted to explore the limits of polarity (i.e.,
Aég) that can be achieved by using the tetrahydropyran
structure. As already mentioned, liquid crystals whose
strong polarity is derived from extensive aromatic fluorina-
tion tend to have very high melting points.['! The corre-
sponding poor solubility in liquid-crystal mixtures limits
the size of the mesogenic core structure of practically useful
liquid crystals to a maximum of four ring elements. The
introduction of the polar and at the same time solubility-
enhancing THP ring is supposed to increase this limit to at
least five rings, which can infer strong polarity by “heavy”
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Scheme 6. Conversion of lactone 20 into ketene dithioketal 25 and
subsequent one-pot fluorodesulfuration into 27. Box: The forma-
tion of the “right” intermediate protonation product 29a is energet-
ically preferred by 9.8 kcalmol! [MP2/6-311+G(2d,p)//B3LYP/6-
31G(d)+ZPE level of theory] relative to the alternative double-
bond protonation product 29b.2% The relative energies of the other
possible O- and S-protonation products 29c—e are even higher. Rea-
gents and conditions: (a) 1. 26, tBuOK, THE 10 °C, 1 h; 2. 20,
THE, -10 °C to room temp., 18 h (60%); (b) 1. CF3SOs;H, CH,Cl,,
-25°C to room temp. (10 min) to -90 °C; 2. F3;PhOH, NEt;,
CH,Cl,, -90 °C, 30 min; 3. NEt;-3HF, -70 °C; 4. Br,, CH,Cl,,
-90 °C (1 h) to room temp. (0.9%).
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Scheme 7. Synthesis of the polar, low birefringent liquid trifluoro-
methyl derivatives 32 and 34. Reagents and conditions: (a) 1. Me;.
SiCF;, BuyNF, THF, 0 °C to room temp.; 2. KF, MeOH, reflux,
3h (100%, crude product); (b) SOCl,, pyridine, room temp., 3 d
(73%); (c) Hy, 5% Pd-C, THE, 1 bar, r.t. (6%); (d) 2,2,6,6-tet-
ramethylpiperidine, nBuLi, THF, —78 °C, 20 min, then 35, -78 °C,
15 min, then 18 (15 min), BF5;*OEt,, -78 °C (2.5 h), then room
temp., 13 h (24%); (e) BF;-OEt,, Me;SiH, CH,Cl,, —50 to 40 °C,
4 h (55%).

lateral fluorination in combination with a polar terminal
group and polar bridge structures, such as the difluoroether
link. The synthesis of some extremely polar but well-soluble
four- and five-ring liquid crystals is depicted in Scheme 8.
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Scheme 8. Synthesis of extremely polar THP-based liquid crystal
38. Reagents and conditions: (a) 1. 1-bromo-3,5-difluorobenzene,
nBuLi, Et,0, -70 (2 h) to —10 °C; 2. BF3-OEt,, Me;SiH, CH,Cl,,
70 (2h) to —10°C (69%); (b) 1. nBuLi, THF, -70 °C, 1 h; 2.
B(OMe);, —65 (30 min) to —10 °C; 3. 2 N HCI, room temp. (67 %);

(C) 17, N2H4'H20, Na3B03'8H20, cat. Pdclz(PPh3)2, Hzo, THF,
reflux, 18 h (55%). Compounds 3941 were prepared by a similar
method by using suitable building blocks analogous to 17.117]

Apart from lateral fluorination, another strategy to in-
duce strong polarity in liquid crystals is the use of 1,3-diox-
ane building blocks as a part of the mesogenic core struc-
ture. The use of multiple dioxane units has been explored
previously,”! but this was found to cause poor solubility
and a very strong tendency to induce smectic phases. Be-
cause the effect of a solubility-enhancing THP unit on the
electrooptical properties of liquid crystals is rather similar
to that of dioxane, the usefulness of this structural element
as a part of extremely polar five-ring liquid crystals was
explored. Compound 45 was available through the Lewis
acid catalyzed ring opening of oxetane 42 with the lithium
iminoenolate of 46.['5] The subsequent reaction steps were
analogous to previously described syntheses (Scheme 9).

All THP-based liquid crystals (Table 1) share several
common characteristics,?? which renders them highly at-
tractive for practical application in fast switching AM
LCDs: they combine strong dielectric anisotropy (Ag)B4
with extremely good solubility and a small rotational vis-
cosity (y;), particularly when seen in relation to the high
clearing temperatures. Therefore, they can be used as com-
ponents of liquid-crystal mixtures, even in very high con-
centrations without the risk of crystallization or formation
of smectic phases on long-term storage at low temperatures.

Relative to a cyclohexane moiety, the THP ring increases
the A¢ of the liquid crystal by 2-5 units (1—13, 21; 2—24,
27), depending on the location of the THP unit within the
mesogenic core structure. The effect is less pronounced than
that for the 1,3-dioxane structure, but as a result of the ex-
cellent solubility-enhancing effect of the THP moiety, even
five-ring materials such as 40, 41 and 48 show sufficient
solubility to be of practical use. Additional aromatic rings
can serve as a scaffold for extensive lateral fluorination re-
3482
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Scheme 9. Synthesis of extremely polar material 45 containing a
sequence of oxygen heterocyclic ring structures. Reagents and con-
ditions: (a) 2,2,6,6-tetramethylpiperidine, nBulLi, THF, -78 °C,
30 min, then 46, —78 °C, 20 min, then 42 (15 min), BF;-OEt,,
—78 °C (1 h), then room temp., 13 h (20%); (b) BF5-OEt,, Me;SiH,
CH,Cl,, -50 to -10°C, 3h (69%); (c) 16, N,H4H,O,
Na3BO3'8H20, cat. PdC]z(Pphx)z, HzO, THF, reﬂux, 18 h (600/0)

Table 1. The physical properties of the new pyran-based liquid crys-
tals in comparison to some conventional carbocyclic or 1,3-diox-
ane-based materials (1-4).2%

No. Phase Sequence[a] ASvirt Anvirt TNI,virt V1virt
1 C66N9M11 9.7 0.0750 74.3 160
2 C44N 10531 10.5 0.0668 91.5 145
3 C74 N (51.2) 1 17.0 0.0680 63.2 201
4 C481 25.2 0.1579 -20.6 96
13 C741 150  0.0744 324 136
14 C411 15.6  0.1363 444 178
15 C75N118.01 26.0  0.1401 111.3 300
21 CS57N(522)1 12.7  0.0778 63.6 -
24 C35N6631 140  0.0654 58.1 158
27 C58N((39.8)1 124 0.0751 41.5 -
32 C?7Sg151 10.5 0.0483 -77.8 76
34 C591 8.8 0.0606 -57.6 -
383 C83IN(83.0)I 35.6  0.1316 56.4 457
39 C74Sc(67) N 14481 66.6  0.1568 87.7 1016
40 CO98N193.01 37.1 0.1544 134.7 1225
41 T,-14C9 N 240.6 1 70.3 0.1827 167.3 -
45 C127SA212N251.11 356 0.1353 212.4 -

[a] The phase transition temperatures are cited in °C, the rotational
viscosities p; in mPas; C = crystalline, S = smectic, N = nematic,
I = isotropic.

sulting in highly fluorinated liquid crystals with unprece-
dented polarity: for SFM material 40, a Ae value of 37.1 is
achieved. By using a terminal cyano group, the value of
Ae is further increased to 70.3 for compound 41. Also, the
combination of THP with polar dioxane rings (45) gives
satisfactory solubility and a very high clearing point and
dielectric anisotropy as well. For conventional, commer-
cially used liquid crystals without a THP moiety, insuf-
ficient solubility limits the number of rings within the me-
sogenic core structure to a maximum of four.

Amongst the various strategies for increasing the molecu-
lar dipole moment, the use of THP building blocks offers a
particular advantage for liquid crystals with very low bire-
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fringence (An). Because lateral fluorination intrinsically re-
lies on the presence of a polarizable aromatic ring, it always
produces a concomitant increase in An. The THP unit, in
contrast, allows the design of polar materials without (32,
33) or with a minimum (13, 21, 26, 27) of polarizable
double bonds.

Comparison of the isomer pairs 13/21, 24/27 and 32/34
shows that the position of the THP ring within the mesog-
enic core structure has a significant influence on the elec-
trooptic, as well as the mesogenic, properties of the liquid
crystal. In all three cases, the isomer with the THP moiety
closest to the polar terminal group has the lowest dielectric
anisotropy.

For the pairs 24/27 and 32/34, the tendency to form ther-
modynamically stable mesophases is also diminished for
these isomers. One possible reason for the pronounced dif-
ferences in the physical properties of the isomers may be a
stereoelectronic effect, analogous to the anomeric effect,>?!
which is well known in carbohydrate chemistry. In com-
pounds 27 and 34, a strongly electron-withdrawing group is
directly connected to the 2-position of the THP ring. Ener-
getically favourable interaction of the axial oxygen lone
electron pair with the axial ¢* orbital of the C-C bond
connecting the electronegative CF; or CF,OR group to the
THP ring stabilizes the bis(axial) conformation of the 2,5-
substituents relative to the situation in the corresponding
cyclohexane system. In contrast, the bis(equatorial) confor-
mation is a prerequisite for the elongated, rod-like shape of
nematic liquid crystals. This means, an increased equilib-
rium population of the bis(axial) conformer will result in a
reduced clearing point, as well as a general decrease in
the anisotropic properties, of the nematic mesophase
(Scheme 10).

HC (3o
0

CF,

Scheme 10. The influence of the anomeric effect on the conforma-
tional equilibrium of liquid crystalline tetrahydropyran derivatives:
In cyclohexane-based system 47, the bis(equatorial) conformer is
energetically preferred by 4.5kcalmol! and for THP system
48 only by 2.7kcalmol! [MP2/6-311+G(2d,p)//B3LYP/6-
31G(d)+ZPE level of theory].?%

The THP-based liquid crystals discussed so far are all
racemic mixtures. Because there are various applications for
chiral liquid crystals,?* we also wanted to explore the prop-
erties of a pure enantiomer of at least one of the new liquid
crystals. In order to measure the helical twisting power
(HTP) of the enantiomers, a sample of rac-49 (the pentyl
homologue of 24) was separated by preparative HPLC on
a chiral phase. The crystal structure of one of the enantio-
mers was determined by anomalous X-ray diffraction,’
which allowed the correlation of the chiroptical properties
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with the absolute configuration (Figure 1). The absolute
HTP of the THP enantiomers of 49 is 0.8 um™! (Table 2),1>!
which is very low relative to commonly used chiral dopants
for liquid-crystal mixtures with an HTP of 10 pm™!' or
more.l?4

R RS

Figure 1. The absolute configuration of L-49 as determined by X-
ray crystallography.>!

Table 2. Comparison of the physical properties of racemic and
enantiopure liquid crystal 49.%

No. Phase sequencel AHen  AHy  [a]B HTP
rac-49 C39N7531 5900 100 - -

D-49 C41 N* 7331 7400 100 +4.5 +0.8
L-49 C42 N* 7431 7400 100 49 0.8

[a] The phase-transition temperatures are cited in °C, the melting
enthalpies (AHcy) and the enthalpy of nematic-isotropic transition
(AHyy) in calmol ™!, the optical rotations in ° and the helical twist-
ing power (HTP) in um™!; C = crystalline, N = nematic, N* =
chiral nematic (cholesteric), I = isotropic.

Comparison of the melting enthalpies of the pure
enantiomers of 49 and racemate rac-49 (Table 2) points out
the possible reason for the generally excellent solubility of
THP-derived liquid crystals in nematic host mixtures: the
racemate has a significantly lower melting enthalpy al-
though the phase-transition temperatures are very similar.

Summary and Outlook

The incorporation of a tetrahydropyran (THP) moiety
into the mesogenic core structure of liquid crystals allows
the design of new materials with an unprecedented combi-
nation of extremely high dielectric anisotropy (A¢), high
clearing point, low rotational viscosity (y;) and excellent
solubility in nematic liquid crystal mixtures. This unique
property profile is of particular interest for so-called super-
fluorinated materials (SFM) for use in AM LCDs, but it
may also open the way to totally new display applications
requiring materials with extreme electrooptical or mesog-
enic properties.

Experimental Section

General: All reactions were performed in carefully dried solvents
and under a dry nitrogen atmosphere. Intermediates 6-8, 19 and
20 tend to polymerize even on short-term storage and should be
used immediately.

6: A solution of pentanal (117 mL, 1.10 mol), methyl acrylate
(100 mL, 1.10 mol; stabilized with hydroquinone monomethyl
ether) and Et,NSiMe; (214 mL, 1.10 mol) in acetonitrile (1.3 L)
was heated at reflux under a nitrogen atmosphere for 3 d. The mix-
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ture was concentrated at 10 mbar. The residue (227 g) was treated
with 96% acetic acid (250 mL) and water (500 mL), and the solu-
tion was heated at reflux for 18 h. After cooling down to room
temperature, water (2.5 L) was added, and the mixture was ex-
tracted with methyl zert-butyl ether (MTBE; 4X). The combined
organic phase was washed with water, saturated aqueous NaHCO;
and water, dried with Na,SO,, filtered and concentrated in vacuo
to yield crude 6 (133 g) as a yellowish oil, which was used for the
next step without further purification.

7: NaBH, (90 g, 2.37 mol) was dissolved in 2-propanol (3.6 L) and
water (360 mL). Then, crude 6 (1000 g, 5.8 mol) was added drop-
wise under cooling at 15 °C, and the mixture was stirred for 18 h
at room temperature. After the addition of MTBE (1500 mL), the
solution was acidified with 15% HCI (1000 mL) under ice cooling.
The major part of the volatiles was removed in vacuo, the residue
was diluted with MTBE (1000 mL), and the aqueous phase was
separated. The organic phase was washed with brine (2 X 500 mL)
and dried with Na,SO,. The volatiles were removed in vacuo to
yield crude 7 (878 g) as a yellowish oil, which was used for the next
step without further purification.

8: A solution of crude 7 (68 g, 390 mmol) and p-toluenesulfonic
acid (10 g, 53 mmol) in toluene (150 mL) was heated at reflux un-
der azeotropic water removal for 2 h. When the boiling point of
toluene (109 °C) was reached, another 100 mL of toluene was
added, and the solution was heated at reflux for an additional 1 h.
After cooling, the mixture was washed with water, saturated aque-
ous NaHCOj; and water, dried with Na,SO, and filtered, and the
solvent was removed in vacuo. The residue (53.1 g) was distilled
(b.p. 89-92 °C/0.05 mbar) to furnish 8 (29.8 g, 44%) as a colourless
oil (purity 82% by GC). 'H NMR (500 MHz, CDCl;, 303 K): § =
4.36-4.30 (m, 1 H), 3.99-3.92 (m, 1 H), 2.61-2.43 (m, 1 H), 2.37—
2.26 (m, 1 H), 2.06-1.86 (m, 2 H), 1.69-1.22 (m, 5 H), 0.93 (t, J =
7.0 Hz, 3 H) ppm. '3C NMR (75 MHz, CDCl;, 303 K): § = 204.1,
73.4, 33.5, 32.3, 28.8, 25.3, 19.7, 13.8 ppm. MS (EI, 70 eV): m/z
(%) = 142 (36) [M]*, 110 (23), 84 (100), 74 (16), 70 (40), 60 (20),
55 (81).

9: A solution of 1,4-dibromobenzene (48.3 g, 205 mmol) in diethyl
ether (350 mL) was cooled to —50 °C and then treated dropwise
under temperature control with n-butyllithium (15% solution in
hexane; 130 mL, 207 mmol). After stirring at —50 °C for 1 h, a solu-
tion of 8 (29.5 g, 170 mmol) in diethyl ether (50 mL) was added
dropwise. The mixture was stirred for 30 min at the same tempera-
ture and then warmed up to 0 °C. After careful addition of water
(100 mL), the aqueous phase was separated and extracted with
MTBE (2X). The combined organic phase was dried with Na,SO,,
and the solvent was evaporated to dryness. Crude product 9
(51.1 g) was used for the next step without further purification. 'H
NMR (500 MHz, CDClj, 303 K): 6 = 7.41 (m, 4 H, ar-H), 5.33 (m,
1 H), 4.32 (m, 1 H), 3.72 (t, J = 10.2 Hz, 1 H), 2.24-2.16 (m, 1 H),
2.02-1.92 (m, 1 H), 1.86-0.85 (m, 10 H) ppm. '*C NMR (75 MHz,
CDCl3, 303 K): 0 = 150.7, 131.2, 126.0, 121.5, 97.7, 69.5, 39.7, 39.6,
37.4, 33.3, 30.5, 30.0, 25.4, 20.0, 14.4 ppm. MS (EI, 70 eV): miz
(%) = 213 (11), 198/200 (57), 183/185 (95), 164 (100), 157 (18), 155
(18), 152 (18), 132 (13), 121/123 (20), 109 (23), 107 (13), 104 (11),
95 (22), 93 (10), 83 (17), 79 (16), 69 (30), 67 (35), 55 (46).

10: A solution of adduct 9 (51.1 g, 171 mmol) in CH,Cl, (400 mL)
was treated dropwise at —75 °C first with triethylsilane (47.0 g,
404 mmol) in CH,Cl, (10 mL) and then with BF;-OEt, (51 mL,
406 mmol). The mixture was stirred for 3 h at the same temperature
and then warmed up to —10 °C. The reaction was quenched and
neutralized by careful addition of saturated aqueous NaHCO;. The
organic phase was separated, and the aqueous phase was extracted
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with CH,Cl, (2X). The combined organic layer was washed with
brine and dried with Na,SO,, and the solvent was evaporated to
dryness. The crude product was dissolved in n-heptane/toluene
(1:1) and filtered through a short silica-gel column. Recrystalli-
zation from n-pentane at -20 °C afforded 10 (30.6 g, 61%) as
colourless crystals (96% purity by HPLC). 'H NMR (500 MHz,
CDCl;, 303K): 0 = 7.44 (d, J = 8.5Hz, 2 H, ar-H), 7.21 (d, J =
8.5Hz, 2 H, ar-H), 4.21 (dd, J = 11.3Hz, J = 2.3 Hz, 1 H), 4.06
(dquart., J = 11.1 Hz, J = 2.0 Hz, 1 H), 3.18 (t, J = 7.4 Hz, 1 H),
2.00-1.87 (m, 1 H), 1.83-1.79 (m, 1 H), 1.75-1.08 (m, 7 H), 0.91 (t,
J=17.3Hz, 3 H, CH;) ppm. 3*C NMR (75 MHz, CDCls, 303 K): §
=142.7,131.7, 128.0, 121.4, 79.7, 74.5, 35.7, 35.1, 34.5, 31.2, 20.2,
14.7 ppm.

10a: A solution of 10 (90.5 g, 320 mmol) in THF (600 mL) was
cooled to —70 °C and treated dropwise with n-butyllithium (15%
solution in hexane; 210 mL, 334 mmol). After stirring for 2 h at the
same temperature, trimethyl borate (38.0 mL, 341 mmol) was
added slowly. After stirring for another 2h, the solution was
warmed up to —10 °C. HCI (2 N) was added in order to adjust the
pH to ca. 2, and the mixture was extracted with MTBE. The com-
bined organic phase was washed with water, dried with Na,SO,
and filtered, and the solvent was evaporated to dryness to furnish
crude boronic acid intermediate 10a (85 g), which was used for the
next step without further purification.

11: A mixture of crude 10a (79.4 g, 320 mmol), THF (1.2 L), water
(150 mL) and acetic acid (150 mL) was treated at room temperature
(temperature control by water cooling) with 30% H,O, (65 mL,
630 mmol) and stirred for 6 h. After addition of water (500 mL)
and toluene (500 mL), the organic phase was separated and washed
with water and brine. The aqueous phase was extracted with tolu-
ene (300 mL). The combined organic phase was stirred with aque-
ous FeCl, (5% w/v) until the mixture was peroxide free. The organic
phase was separated, washed with water (2X) and brine (1X).
Then, the combined aqueous phase was extracted with toluene
(3 X100 mL). The combined organic phase was dried with Na,SOy,
and filtered, and the solvent was evaporated in vacuo. The crude
product (80 g) was purified first by chromatography (silica gel; tolu-
ene/ethyl acetate, 4:1), then by crystallization from n-heptane at
room temperature to yield 11 (52.9 g, 74%) as colourless crystals
(99.1% purity by GC). '"H NMR (500 MHz, CDCls, 303 K): 6 =
7.20 (d, J = 8.8 Hz, 2 H, ar-H), 6.73 (d, J = 8.5Hz, 2 H, ar-H),
5.06 (br.s, 1 H, OH), 4.20 (dd, J = 11.1 Hz, J = 2.3 Hz, 1 H), 4.06
(dquart., J = 11.2 Hz, J = 2.1 Hz, 1 H), 3.20 (t, J = 11.1 Hz, 1 H),
2.03-1.92 (m, 1 H), 1.87-1.79 (m, 1 H), 1.75-1.54 (m, 2 H), 1.37-
1.07 (m, 5 H), 0.91 (t, J = 7.3 Hz, 3 H, CH3) ppm. MS (EI, 70 eV):
mlz (Yo) = 220 (96) [M]*, 203 (18), 159 (25), 133 (16), 121 (100),
107 (48), 94 (42), 77 (15), 69 (21), 65 (17), 55 (33).

12: A solution of 11 (70.0 g, 318 mmol) in xylene (isomer mixture;
460 mL) was hydrogenated in the presence of wet 5% Pd—C (water
content 54%; 4.55 g) and Na,CO; (340 mg, 3.2 mmol) under H,
(5 bar) at 120 °C for 8 h. The mixture was filtered through Celite,
and the solvent was evaporated to dryness. The residue was dis-
solved in n-heptane (500 mL) and stirred together with pyridine—
SO; complex (10 g) for 2 h at 40 °C in order to remove phenol and
alcohol byproducts. After filtration through Celite, the solution was
washed with water, dried with Na,SO, and filtered, and the solvent
was evaporated to dryness to furnish 12 (47 g, 84%) as a colourless
oil (95% purity by GC)."H NMR (500 MHz, CDCls, 303 K): J =
3.97-3.90 (m, 1 H), 3.10-2.95 (m, 2 H), 2.45-2.19 (m, 5 H), 2.08-
0.99 (m, 13 H), 0.89 (t, J = 7.2 Hz, 3 H) ppm. MS (EL, 70 eV): m/z
(%) = 224 (35) [M]*, 220 (14), 127 (100), 121 (16), 109 (77), 97 (11),
83 (34), 69 (25), 67 (38), 55 (55).
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22: A solution of 2-trimethylsilyl-1,3-dithiane (43.0 g, 223 mmol) in
THF (800 mL) was treated dropwise at —70 °C with n-butyllithium
(15% solution in hexane; 142 mL, 226 mmol) and warmed up to
0 °C over 4 h. Then, the mixture was cooled again to —70 °C, and
a solution of 12 (47.3 g, 200 mmol) in THF (200 mL) was added
slowly. After removing the cooling bath, the viscous, yellow mixture
was stirred for 18 h at room temperature. Saturated aqueous
NaHCOs; (1 L) and MTBE (500 mL) were added, and the organic
phase was separated. The aqueous phase was extracted with MTBE
(2 X250 mL). The combined organic phase was washed with water
(2% 350 mL) and dried with Na,SO,, and the solvent was evapo-
rated to dryness. The crude residue (74.4 g) was recrystallized from
n-heptane (350 mL) to furnish 22 (53.4 g, 82%) as colourless crys-
tals (99.9% purity by GC). 'H NMR (500 MHz, CDCls, 303 K): 6
=3.95-3.88 (m, 1 H), 3.20-3.08 (m, 2 H), 3.01-2.82 (m, 6 H), 2.17-
2.07 (m, 2 H), 2.04-1.97 (m, 1 H), 1.90-1.70 (m, 4 H), 1.67-1.00
(m, 11 H), 0.88 (t, J = 7.2 Hz, 3 H) ppm. MS (EI, 70 eV): m/z (%)
=326 (92) [M]*, 218 (17), 197 (20), 179 (67), 171 (100), 119 (23),
91 (14), 81 (11), 67 (12), 55 (27).

24: To a solution of 22 (26.7 g, 82 mmol) in CH,Cl, (600 mL) was
dropwise added trifluoromethanesulfonic acid (7.5 mL, 85 mmol)
at —20 °C. The cooling bath was removed, and the mixture was
stirred for 30 min at room temperature. Then, the mixture was co-
oled down to -70°C, and a solution of 3,4,5-trifluorophenol
(18.0 g, 122mmol) and triethylamine (20 mL, 144 mmol) in
CH,Cl, (100 mL) was added. After stirring for 1 h at -70 °C,
NEt;:3HF (66 mL, 409 mmol) was added. After 5 min, a suspen-
sion of DBH (1,3-dibromo-5,5-dimethylhydanthoin; 117 g,
409 mmol) in CH,Cl, (300 mL) was added portionwise over a time
period of 30 min. After stirring for an additional 60 min, the mix-
ture was warmed up to 0 °C and then poured into ice-cold 2 N
aqueous NaOH (2 L); the pH of the resulting mixture was ca. 9.
The organic layer was separated, washed with water, dried with
Na,SO, and concentrated in vacuo. The residue was dissolved in
n-heptane/toluene (3:2) and filtered through a short silica-gel col-
umn. The crude product was then further purified by chromatog-
raphy (silica gel; n-heptane/toluene, 7:3) and two crystallizations (n-
heptane; —20 °C) to furnish 24 (6.2 g, 19%; 99.9% purity by GC).
For mesophases see Table 1. '"H NMR (500 MHz, CDCl;, 303 K):
0 = 6.86-6.81 (m, 2 H), 3.96-3.90 (m, 1 H), 3.02-2.92 (m, 2 H),
2.09-1.85 (m, 6 H), 1.65-1.47 (m, 2 H), 1.43-1.25 (m, 6 H), 1.15~
0.99 (m, 5 H), 0.88 (t, J = 7.3 Hz, 3 H) ppm. '*C NMR (75 MHz,
CDCl3, 303 K): 0 = 107.0, 106.7, 81.8, 74.0, 43.5 (t, J = 25.8 Hz),
42.4, 358, 34.8, 30.6, 28.7, 27.6, 27.4, 25.2, 19.8, 14.3 ppm. °F
NMR (235 Hz, CDCl;, 300 K): 6 = -165.2 (mc, | F, ar-4-F), -133.7
(mc, 2 F, ar-3,5-F), -79.3 (d, J = 8.0 Hz, 2 F, CF,0) ppm. MS (EI,
70 eV): mlz (%) = 148 (9), 127 (100), 109 (56), 83 (19), 67 (22), 55
(29).

19: To a cooled (78 °C) solution of tert-butyl acetate (18.1 mL,
134 mmol) in THF (130 mL) was slowly added lithium diisopro-
pylamide (2 M solution in heptane/THF/ethyl benzene; 66.5 mL,
133 mmol). After stirring for 25 min, a solution of 18 (8.0 g,
44 mmol) in THF (130 mL) was added dropwise, followed by
BF;-OEt, (16.6 mL, 132 mmol). The mixture was stirred for 1 h at
—78 °C and then warmed up to room temperature. After stirring
for 15 h, the reaction was finally quenched by addition of aqueous
NH,4CI (100 mL). The phases were separated, and the aqueous
layer was extracted with MTBE. The combined organic extract was
washed with brine, dried with Na,SO,4 and concentrated in vacuo.
The crude product was chromatographed (silica gel; n-heptane/
ethyl acetate, 6:1) to afford 19 (3.5 g, 27%) as a colourless oil,
which was used for the subsequent step without further purifica-
tion. '"H NMR (500 MHz, CDCls, 303 K): 6 = 4.75-4.69 (m, 1 H),
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449 4.44 (m, 1 H), 3.60-3.56 (m, 1 H), 2.28 (t, J = 7.0 Hz, 2 H),
1.78-1.58 (m, 7 H), 1.45 (s, 9 H), 1.35-0.84 (m, 13 H) ppm. MS
(EL 70 eV): mlz (%) = 152 (100), 123 (71), 109 (81), 95 (31), 81
(77), 67 (81), 55 (45).

20: A solution of 19 (24.1 g, 80.7 mmol) in CH,Cl, (300 mL) was
treated dropwise at 0°C with trifluoroacetic acid (30 mL,
389 mmol). The mixture was subsequently stirred at room tempera-
ture for 18 h and then poured into water (500 mL). The phases
were separated, and the aqueous phase was extracted with CH,Cl,.
The combined organic phase was washed with saturated aqueous
NaHCOs;, dried with Na,SO, and filtered, and the solvent was
evaporated to dryness. The residue was purified by chromatography
(silica gel; n-heptane/ethyl acetate, 4:1) to furnish lactone 20
(14.8 g, 81%) as a colourless oil (98.7% purity by GC). '"H NMR
(500 MHz, CDCl;, 303 K): 0 = 4.40-4.33 (m, 1 H), 4.08 (dd, J =
10.1 Hz, J = 9.9 Hz, 1 H), 2.67-2.39 (m, 2 H), 2.01-1.90 (m, 1 H),
1.80-1.55 (m, 6 H), 1.35-0.93 (m, 10 H), 0.87 (t, J = 7.1 Hz, 3 H)
ppm. 3C NMR (75 MHz, CDCls, 303 K): 6 = 172.2, 72.5, 39.9,
39.7, 38.7, 37.6, 33.4, 30.6, 30.4, 29.7, 23.3, 20.3, 14.7 ppm. MS
(EIL, 70 eV): m/z (%) = 224 (33) [M]*, 193 (17), 176 (20), 151 (19),
140 (100), 127 (12), 122 (43), 109 (32), 100 (49), 95 (31), 81 (70),
69 (80), 55 (85).

25: A solution of 26! (16.4 g, 45.0 mmol) in THF (100 mL) was
cooled to —10 °C, and then a solution of potassium zert-butoxide
(5.0 g, 44.6 mmol) in THF (50 mL) was added dropwise. After stir-
ring for 1 h, a solution of 20 (9.9 g, 44.1 mmol) in THF (50 mL)
was added dropwise at —10 °C. The mixture was stirred for 18 h at
room temperature, and it was then diluted with MTBE (300 mL)
and water (500 mL). The aqueous phase was separated and ex-
tracted with MTBE (2X). The combined organic phase was washed
with brine, dried with Na,SO, and filtered, and the solvent was
evaporated to dryness. The crude product was purified by
chromatography (silica gel; 1-chlorobutane) and subsequent
crystallization (n-heptane) to furnish 25 (8.7 g, 60%) as colourless
crystals (96.8% purity by GC). 'H NMR (500 MHz, CDCls,
303 K): 6 = 4.69-4.93 (m, 0.5 H), 4.54 (s, 0.5 H), 4.24-4.16 (m, 1
H), 3.74-3.54 (m, 1.5 H), 3.26-3.16 (m, 0.5 H), 2.96-2.75 (m, 3 H),
2.62-2.53 (m, 0.5 H), 2.30-0.84 (m, 22.5 H) ppm. MS (EI, 70 eV):
miz (%) = 326 (100) [M]*, 161 (80), 119 (25), 69 (8), 55 (19).

27: To a solution of 25 (7.9 g, 24.2 mmol) in CH,Cl, (150 mL) was
dropwise added trifluoromethanesulfonic acid (2.2 mL, 25 mmol)
in CH,Cl, (15 mL) at —30 °C. The cooling bath was removed, and
the mixture was stirred for 10 min at room temperature. Then, the
mixture was cooled down to —90 °C, and a solution of 3.4,5-trifluo-
rophenol (6.5 g, 43.9 mmol) and triethylamine (6.5 mL, 46.9 mmol)
in CH,Cl, (50 mL) was added. After stirring for 30 min at -90 °C,
NEt;:3HF (19.5mL, 121 mmol) was added. Then, a solution of
Br, (6.2 mL, 121 mmol) in CH,Cl, (35 mL) was added dropwise
under strict temperature control (never exceeding —85 °C!). After
stirring for 60 min at —80 °C, the mixture was warmed up to room
temperature and then poured into ice-cold aqueous NaOH (0.1 N,
400 mL); the pH of the resulting mixture was ca. 9. The aqueous
layer was separated and extracted with CH,Cl, (2X). The com-
bined organic phase was washed with water (2X), dried with
Na,SO, and concentrated in vacuo. The residue was dissolved in
n-heptane/MTBE (4:1) and filtered through a short silica-gel col-
umn. The crude product (0.5g) was then further purified by
crystallization from n-heptane and subsequent preparative HPLC
(RP-18 Super 250-4; acetonitrile) to furnish 27 (85 mg, 0.9%) as
colourless crystals (99.8% purity by GC). For mesophases, see
Table 1. '"H NMR (500 MHz, CDCl3, 303 K): 6 = 6.93-6.83 (m, 2
H), 4.20-4.15 (m, 1 H), 3.68-3.64 (m, 1 H), 3.26-3.19 (m, 1 H),
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2.04-2.00 (m, 1 H), 1.93-1.86 (m, 1 H), 1.77-1.10 (m, 12 H), 1.05—
0.82 (m, 8 H) ppm. '3C NMR (75 MHz, CDCls, 303 K): 6 = 107.3,
107.0, 72.4, 40.6, 39.9, 39.7, 37.4, 33.2, 30.2, 29.9, 26.2, 24.8, 20.0,
14.4 ppm. ’F NMR (235 Hz, CDCls, 300 K): § = -164.3 (mc, 1 F,
ar-4-F), —133.3 (mc, 2 F, ar-3,5-F), -83.5 (mc, 2 F, CF,0) ppm. MS
(EIL 70 eV): m/z (%) = 406 (13) [M]*, 258 (17), 208 (100), 191 (42),
135 (13), 123 (15), 109 (31), 95 (24), 86 (13), 83 (46), 69 (72), 55
(76).

rac-49 was prepared in analogy to 24.

Enantiomer Separation of D-49 and 1-49: rac-49 (1.35 g) was dis-
solved in a mixture of acetonitrile (13.5mL) and methanol
(81.0 mL) and separated in nine portions over two columns in
series (Hibar 25 X 5 cm Chiralpak AD 20 pm) with methanol as the
eluent. Fraction 1 (600 mg) had an ee of 98.6% and fraction 2
(580 mg) of 97.1%. Both fractions were crystallized from ethanol
to afford ee values of 100% (Fraction 1, p-49) and 99% (Fraction
2, 1-49).

Supporting Information (see footnote on the first page of this arti-
cle): Selected crystal data of L-49; computational analysis of 28 and
its protonation products; calculated proton affinities and relative
energies of possible protonation products 29a—e.
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