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(E)-4-Decenyl 2 and a series of pentenyloxy 3 derived from 2,3-difluoro-4-(2-(trans-4-pentylcyclohexyl)
ethyl)biphenyl and an analogues series of pentenyloxy derivatives of 2,2",3-trifluoro-4-(2-(trans-4-
pentylcyclohexyl)ethyl)biphenyl (4), in which the position and configuration of the C=C bond was varied,
were investigated. All materials exhibit a nematic phase, while compounds 2 and 4 also display a SmA phase. The
dependence of Ty on the position and configuration of the C=C bond follows the order 2-(E) > 4 > none >
3-(Z) > 3~(F) for series 3 and is similar for series 4. Dielectric parameters, elastic constants and rotational viscosity
were obtained as function of temperature and compared to those of their saturated analogues: decyl 1 and
pentyloxy 3a and 4a. Dielectric anisotropy is lower for difluorobiphenyl mesogens 3 (Ae = —1.4to —1.8 at AT =
—40 K) than for 4b (Ae = -2.8 at AT = -40 K). The unsaturation in series 3 generally lowers the elastic constants
K and K33 and their temperature dependence, and also increases rotational viscosity activation energy E,, which
follows the order: none < 3-(Z) < 4 < 2-(E) < 3-(E).
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1. Introduction properties in unsaturated analogues 3b-3d. Series 3
Liquid crystals containing laterally fluorinated mesogens were compared to the analogous series of
biphenyls [1-10] are useful for applications in the trlﬂuorol?lphenyls 4. . .

flat panel display technology[11-13] Recently, we In th}s repqrt, we descrl.be thg synthesis Qf .oleﬁn 2
reported difluorobiphenyl derivative 1 and investi- along with Series 3 and 4 in which the position and
gated the effect of oxygen- and fluorine-containing Fhe conﬁgurgtlon of the C-C double bond are var-
substituents (-COO-, -CH,O-, —Ry) in the decyl ied systematically. We report the effect of the double
chain (R=CjoH,;) on thermal and electro-optical bond apd the nurpber of . ﬂpqune atoms on thermal
properties.[14] We demonstrated that modification properties, dielectric permittivity, elastic constants and
of the chain allows control of the balance between rotational viscosity of the mesogens.

nematic and smectic phases with only small impact = F X

on rotational viscosity y; and splay elastic constant CoHyy-- .

K;.[14] Placement of a carbon-carbon double bond ' O R

in the terminal chain provides yet another means

of control of thermal and electro-optical properties
of liquid crystals.[15-17] Earlier studies showed that
these parameters of a mesogen depend on the position
and configuration of the double bond in the peripheral
chain.[18] Therefore, we investigated the unsaturated
analogue of 1, the trans-decenyl derivative 2 and
expanded our studies to investigate the effect of the
introduction of a C-C double bond in the penty-
loxy chain of 3a on mesogenic and electro-optical

1, X = H: R = (CHp)3—CH,CHy—(CHa)4CHj
2, X = H: R = (CHy)3~CH=CH~(CH,),CH3-(E)
3,X=H a R=-0(CH,),CH,
4,X=F b: R=-0(CH,);CH=CH,
c-E: R = —O(CH,),CH=CHCHj-(E)
¢-Z: R = ~O(CHy),CH=CHCH3-(2)
d-E: R = ~OCH,CH=CHCH,CHj3-(E)
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2. Results and discussion
2.1 Synthesis

Compounds in series 3 and 4 were prepared from phe-
nols 5 and 6, respectively, and appropriate halide or
tosylate 7 (Scheme 1). An attractive alternative to the
alkylation method, is the Mitsunobu reaction. Thus,
compound 4d-E was obtained directly from phenol 6
and trans-2-penten-1-ol in the presence of di-isopropyl
azodicarboxylate (DIAD) and PPhj; in 77% yield.

The required phenols 5 and 6 were obtained by
treatment of the corresponding methyl ethers 8 and 9
with BBr3. The ethers 8 and 9 were prepared by Pd-
catalyzed coupling of boronic acid 10 with appropriate
haloanisole (Scheme 2). Details of the preparation of
acid 10 were described recently.[14]

K F X
CSH“
O O OH

5X=H | .
6, X=F
F F X
CSHﬂ__
O O oR
3,X=H
4,X=F

Scheme 1. Synthesis of mesogens 3 and 4.

Note: i: R-Br or R-OTs, K,COs;, acetone, Aliquat; for 4d-E:
R-OH, DIAD, PPh;.

E O F
CsHqq--
B(OH),
10 +
X
HaIOOMe

‘i
F F X
CSH11_-
O O OR

. ,9, R=CHj;
“Lese n-n
Scheme 2. Synthesis of phenols 5 and 6.

Notes: i: (PPh3),PdCl,, 2M Na,COs, benzene, EtOH, reflux,
~50%. ii: BBr3, CH,Cl,, 99%.

F F

; |:11, R = CH,0H R
=12, R=CHO

" |: 2, R = CH=CH-CsHy-(E)

i PCC, CH,Cl,, 89%. ii: 1. [C4H,;Ph;P]*Br,
2. PhLi, 3. HC in Et,0, 4. +-BuOK, 40%.

Scheme 3. Synthesis of mesogen 2.

Notes: i: PCC, CH,Cl,, 89%. ii: 1. [C4H3Ph;P]*Br—, 2.
PhLi, 3. HCl in Et,0, 4. --BuOK, 40%.

The tosylates 7b,[19] 7¢-E [20,21] and 7¢-Z [21,22]
were obtained from the corresponding commercial
alcohols according to a literature procedure for
7c-E.[20] The commercial trans-3-penten-1-ol, precur-
sor to tosylate 7c-E and trans-2-pentenyl bromide
were about 90% isomerically pure. Consequently, the
corresponding crude alkylation products 3 and 4
contained about 10% of the Z isomer, and were
purified by repeated crystallisation. Compound 3c-
E was isolated isomerically pure, while 4c-E still
contained about 5% of the Z isomer, accord-
ing to 'H nuclear magnetic resonance (‘\H NMR)
spectroscopy.

Olefin 2 was prepared in 40% yield from alcohol
11,[14] which was oxidised to aldehyde 12 and then
reacted with phosphorane Ph;P=CHCsH;; under the
Wittig—Schlosser [23] conditions (Scheme 3). The iso-
meric purity, better than 98% of the isolated E-olefin,
was demonstrated with 2D COSY NMR spectroscopy
by the absence of through-space interactions between
the two allylic CH, groups (C(3) and C(6), at 2.00 ppm
and 2.08 ppm) of the decenyl chain.

Other approaches to olefin 2 were unsuccessful.
For instance, coupling of bromide 13 with boronic
acid 10 in the presence of a Pd catalyst in N-
methyl-2-pyrrolidone (NMP) solvent resulted in iso-
merisation of the decenyl chain, as evident from gass
chromatography-mass spectrometry (GC/MS) analy-
sis. The aryl bromide 13 was prepared by Cu-catalyzed
alkylation of 4-bromophenylmagnesium bromide with
(E)-4-decenyl-p-toluenesulfonate, according to a gen-
eral procedure.[24] Attempts to prepare Grignard
reagents from bromides 14 or 15 for Kumada cross-
coupling [25] reactions according to a general proce-
dure [26] were also unsuccessful.

2.2 Liquid crystalline properties

Phase transition temperatures and enthalpies for olefin
2, series 3 and 4 and also intermediates 5, 6, 8 and
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9 are presented in Table 1. For comparison pur-
poses transition temperatures for the decyl derivative
1, the saturated analogue of 2 is included. Phase types
were assigned by comparison of microscopic textures
observed in polarised light with those published for
reference compounds.[27-29]
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All compounds in series 1-6, 8 and 9 exhibit
an enantiotropic nematic phase. Smectic A phase
dominates in the C,o derivatives 1 and 2, and the
trifluorobiphenyls 4. A monotropic SmC phase was
detected in 1 and 6. The introduction of the trans-
double bond to the decyl derivative 1 destabilises the
nematic phase by 39 K and, to a larger extent, the SmA
phase (by 44 K) in 2. This is consistent with destabili-
sation of the nematic phase by nearly 30 K observed
in 4-(pent-4-en-1-yl)cyclohexyl derivatives relative to
the pentylcyclohexyl analogues.[16] The effect of the
(E)-CH=CH substitution into the decyl chain on the
mesophase stability is also similar to that of an ether
(-CH,0-) or ester group (-COO-).[14]

A much smaller impact of the double bond on
phase stability is observed for the pentenyloxy deriva-
tives (Figure 1). With the exception of the (FE)-3-
pentenyloxy derivative 3¢-E, all compounds in series

Table 1. Transition temperatures and enthalpies for selected compounds.”

F F X
o . O O
R
R

X=H X=F

1 —(CH3)9CH3? Cr ~22¢ (SmC 5)*¢ SmA 78 N 93 I -
2 —(CH,);CH=CH(CH,);CH3-(E) Cr ~5° SmA 34 N 54 1 -
(0.9) (0.7)
3 4
a —O(CH»)4CH3 Cr36N 1291 Cr32SmA 97N 1151
(29.2) (1.7) (19.2) (1.0) (1.4)
b —O(CH»);CH=CH, Cr30N 1341 Cr<25SmA 87N 1131
(36.0) (2.0) (0.8) (2.0)
c-E —O(CH,),CH=CHCH3-(E) Cr29N 1031 Cr31SmA 75N 88 1
(25.1)(0.8) (34.4) (1.2) (0.8)
c-Z —O(CH;),CH=CHCHj3-(2) Cr39N 1201 Cr ~20 SmA 84 N 1021
(30.8) (1.5) (1.0) (1.5)
d-E —OCH,CH=CHCH,CH;-(E) Cr50N 1371 Cr36 SmA9ON 1141
(24.5) (2.1) (29.7) (0.6) (1.8)
5 6
—OH Cr 155 (N 146)7 1 Cr85(SmC 79 N 118 1
(38.7) (4.9) (24.2) (0.5) (2.9)
8 9
—OCH; Cr55N 1391 Cr; 71Cry 73N 1211
(37.7) (1.9) (28.4) (1.5)

Notes: “Transition temperatures (°C) and enthalpies (in italics, kJ mol~') were determined by DSC (5 K min~!) in the heating mode: Cr =
crystal; Sm = smectic; / = isotropic. *Data taken from ref. [14]. Estimated temperature. “Monotropic transition. Microscope observation.

JRef [30] Cr27 N 107 1.
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Figure 1. Clearing temperature 7'y for series 3 and 4 as a
function of the tail structure. The lines are guide for the eye.

3 have clearing temperatures within 9 K of the penty-
loxy derivative 3a, while for 3¢-E the nematic phase is
depressed by 26 K. In series 4 the trend in T'yj is sim-
ilar to that in series 3 (Figure 1). The introduction of
the third fluorine atom to 3 depresses the 7'ny by 18 £
4 K. Overall, the effectiveness of the double bond on
nematic phase stabilisation in both series is the high-
est in positions 4 and 2-(E) of the pentenyl chain and
comparable to that for the saturated analogue. This
appears to be in general agreement with findings for
hexenyloxycyanobiphenyls [31] and a general model
developed by Kelly,[18] which shows that a trans C-C
double bond in even positions or cis C—C double bond
in odd position of the alkenyloxy group is favourable
for high clearing temperature of the mesogen.

A pentenyloxy substituent is the shortest
alkenyloxy chain used for systematic studies of
the effect of the C—C double bond on mesogenic prop-
erties. Previous studies involved the hexenyloxy [31,32]
and octenyloxy [33] terminal chains investigated in
the cyanobiphenyl, tolanes and phenylpyrimidine
derivatives, respectively. The effect of the position and
configuration of the double bond on the N-I transi-
tion temperature was different in each series, and also
depended on the length of the second terminal chain
in the phenylpyrimidines. These studies, however, did
not involve a (E)-3-alkenyloxy substituent. According
to the general model developed by Kelly,[18] the clear-
ing temperature for a (E)-3-alkenyloxy is expected
to be lower than that of (Z)-3-alkenyloxy and this
is observed experimentally for series 3 and 4 in this
work. The model also predicts lower 7'\p for the cis
isomers of 3d-E and 4d-E that have not been prepared.

The pentyloxy and methoxy derivatives 3a and
8 complement the three known members 16-18 of
this homologous series.[1] The clearing points decrease
from 139°C for the methoxy derivative 8 to 119°C for
the dodecyloxy 18, and while 3a and 8 exhibit only a

nematic phase the octyloxy derivative 16 has SmA and
SmC phases.[1] Our findings significantly disagree with
transition temperatures reported for 3a in the patent
literature.[30]

FF
CsHy--
oo
16,n=8

17,n=10
18, n=12

2.3 Molecular modelling

For a better understanding of the effect of the dou-
ble bond and the third fluorine atom on mesogenic
properties, molecular geometries of 3a and 4a and
also model compounds 19-21 were optimised with the
B3LYP/6-31G(d,p) method.[34]

F F
CsH11- ) .
19

X a: R = —O(CHy)sCHs
b: R = —O(CH,);CH=CH,
R ¢-E: R = —O(CH,),CH=CHCHa-(E)
¢-Z: R = —O(CHy),CH=CHCH3-(2)
20, X=H;21,X=F 4 R =_OCH,CH=CHCH,CH-(E)

Geometry optimisation of 3a (Figure 2) and 4a
showed little difference between the two molecules.
In the most extended conformation, the penyloxy
chain is coplanar with the benzene ring, the dihedral
angle between the benzene ring of the biphenyl is 38° in
3a and 37° in 4a, the interplanar angle for the terminal
alkyl chains is 45° (3a) and 37° (4b) and the total length
for both molecules is 29.0 A. The methylene analogue
of 3a, compound 19, has similar molecular parame-
ters with the difference being that the hexyl chain is
orthogonal to the benzene ring, the interchain angle is
51° and the total molecular length is 28 A.

Analysis of the molecular fragments 20 (Figure 2)
and 21 showed that the alkenyl groups are non-planar.
The interplanar angle, measured between Cp,—O—-CH,
and CH,—CH=CH, is about 60° in b and 66° in c.
In (E)-pent-2-enyloxy derivative 20d-E the interplanar
angle is 60°, while in the fluoro analogue 21d-E this
angle is 57°. Thus, the least non-planar molecules in
series 20 and 21 appear to be 20c-Z and 21c-Z.

2.4 Dielectric measurements

Electro-optical properties of selected compounds were
measured using the single cell method [35] for series
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Figure 2. B3LYP/6-31G(d,p) optimised geometry of 3a and relevant alkenyloxyphenyl fragments 20.

3 in a broad temperature range and only for trifluo-
robiphenyl derivative 4b, which exhibits the broadest
nematic range in the series (26 K). For the purpose
of direct comparison between compounds, dielectric
and elastic constants in Table 2 are reported at the
same shifted temperature AT = T — T'Ny;. For com-
pounds 1 and 2 AT was set at —10 K, due to a short
range of the nematic phase in the former and nonlinear
behaviour of the parameters as a function of temper-
ature. Parameters for series 3 and 4 are reported for
temperatures further away from the isotropic transi-
tion at AT = —40 K, and typically they were obtained
by interpolation of linear dependence on temperature
(typical correlation factor > > 0.99, Figures 3 and 4).
Only for 4b were values extrapolated from high tem-
perature data collected in a range of 16 K. Rotational

Table 2. Electro-optical data for selected compounds.”

viscosity is reported in Table 2 at the same absolute
temperature, arbitrarily chosen at 75°C.

Results show that all compounds in Table 2
are weakly polar with a small negative dielectric
anisotropy. In series 3 modification of the alkyl chain
in 3a has little effect on dielectric parameters, and Ae
is in a range of —1.4 (3¢-Z) to —1.8 (3b and 3c¢-E) at
AT = —40 K. However, substitution of the third flu-
orine atom into the biphenyl core in 3b moderately
increases the transverse dielectric components ¢, and
dielectric anisotropy Ag increases by 1.0 in 4b to —2.8.
Variation of the Ae value in series 3 is presumably due,
in part, to differences in the order parameter S, which
reflect conformations of the alkenyl chain (vide supra).

Values of splay and bend elastic constants, Kj;
and Ksj3, measured for compounds in series 3 and

F F X
o O = (X
R T/°C ¢ Ae Ky /pN  Ks3/pN  yyat75°C/mPs  E,/kJmol~!

1 —(CH»)9CH3? 83 37 34 —07 8 - d -

2 —(CH,);CH=CHC;sH-E 44¢ 44 36 —08 4 - e 0.86
3a —O(CH,)4CH3 89 35 51 —16 42 32 166 0.45
3b —O(CH,)3;CH=CH, 9 37 55 —18 43 44 111 0.54
3¢-E —O(CH,);CH=CHCH;-E 63 37 54 -—18 33 24 126 0.85
3c-Z —O(CH,),CH=CHCH;-Z 80/ 3.0 44 —14 37 27 73 0.51
3d-E —OCH,CH=CHCH,CH;-E 97 35 50 —1.5 31 31 174 0.58
4b —O(CH,);CH=CH, 738 34 62 2.8 - 33 628 1.69

Notes: “Average of 2 sets of measurements for 2 or 3 cells. Typical standard deviation for ¢ ¢ and Ae < £ 0.1, for K11 < 4= 10%, for y1 < £
10 mPs, and for E, + 0.01 kJmol~!. ?Data taken from ref [14]. ¢Shifted temperature AT = T — Ty = —10 K. 950 mPs at 83°C. €220 mPs at

44°C./ Shifted temperature AT = T — TNy = —40 K. 8Extrapolated from high temperature data.
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Figure 3. Dielectric permittivity as a function of tempera-
ture for 3b. Best fit functions: Ae = 0.015 x AT- 1.20 and
g1 =-0.015 x AT +4.93, 1> =0.999.
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Figure 4. (colour online) Splay and bend elastic constants
Ky (circles) and K33 (diamonds) for 3b (black), 3c-Z (blue)
and 3c-E (red) plotted as a function of shifted temperature
AT. Best fit functions for 3b: K;; =-0.57 x AT + 20.6 and
K33 =-0.37 x AT +29.6, 1> > 0.99.

4 are typical for nematics [36] and in a range of
20-65 pN at AT < -20 K. In general, splay elastic
constants Kj; are larger than bend elastic constants
K33, and they exhibit stronger dependence on temper-
ature (Figure 4). Data in Table 2 demonstrates that
incorporation of the terminal double bond into the
pentyl chain of 3a essentially does not affect the Ky
values, while significantly increasing the Kj; value in
3b. Moving the double bond closer to the rigid core
weakens the temperature dependence and lowers over-
all values of both elastic constants. The strength of
the temperature dependence of K;; follows the order
of the carbon-carbon double bond position: none > 4
> 3-(E) > 3-(Z) > 2-(E). It appears that incorpora-
tion of a trans double bond into the decyl chain of 1

lowers splay elastic constants K;; in 2 to about half of
the value measured for 1 at AT = —10. More in depth
analysis could not be performed due to a short range
of the nematic phase and non-linear behaviour of the
parameters.

Substitution of the third fluorine atom into the
biphenyl fragment in 4b increases the temperature
dependence of bend elastic constants K33, butat A7 =
—40 the extrapolated value for K33 is lower than that
for the difluoro analogue 3b. Unfortunately, splay elas-
tic constants K; could not be measured reliably for 4b
in this short-range nematic phase.

A comparison of rotational viscosity y; at the
same absolute temperature (348 K) indicates that
introduction of a double bond to terminal pentyl chain
in 3a generally lowers it value (Table 2). Only in 3d-
E, in which the frans double bond is close to the rigid
core, the value for y is slightly larger than in the sat-
urated analogue 3a. A particularly large effect on y is
observed for the cis isomer 3¢-Z for which the viscos-
ity is less than a half of that for saturated analogue 3a
at 75°C. In contrast, substitution of the third fluorine
atom onto the biphenyl core markedly increases vis-
cosity, and the y; for 4b is nearly six times larger than
that for the difluoro analogue 3b at 75°C.

Analysis of activation energy for rotational viscos-
ity E, in series 3 (Figure 5) indicates that modification
of the pentyl chain in 3a moderately increases the value
of E, with the largest effect, of nearly double the value,
for 3c-E. Overall the E, values follow the order of the
position of the C-C double bond: none < 3-(Z2) <4
< 2-(E) < 3-(E). For the trifluoro derivative 4b, E,
is greater by over three times relative to the difluoro
analogue 3b.

6.0 - 3a
3c-E
1 3b 3c-Z
5.0 1
_g i
4.0 3d-E
3.0 4b
T T T T T T T T T 1

2.6 2.7 2.8 2.9 3.0 3.1
1000/ T/K"

Figure 5. (colour online) Arrhenius plot of rotational vis-
cosity y for series 3 and 4b. Best fit function for 3b: In ;| =
4459 x 1/T —8.10 and for 4b: In y; = 14053 x 1/T — 33.94;
r? =0.999.
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3. Summary and conclusions

Investigation of series 3 and 4 demonstrated that
tuning of thermal and electro-optical properties is
possible by judicious placement of the C—C double
bond in the terminal alkyl chain. Analysis of the ther-
mal data indicates that the 7Ny is weakly affected
by placing a C-C double bond in the terminal or
2-(E) positions, while a C—C double bond in the posi-
tion 3 lowers the transition temperatures. Analysis of
dielectric data for series 3 demonstrated that introduc-
tion of the double bond to the pentyl chain generally
lowers rotational viscosity y;, moderately increases
rotational viscosity activation energy E, and lowers
dependence of K;; on temperature.

Substituting a third lateral fluorine atom in 3
lowers the Tnp by an average of 18 K, induces
SmA behaviour, moderately increases negative Ae and
markedly increases rotational viscosity y; and its acti-
vation energy E,.

4. Experimental
4.1 General methods

All "H NMR spectra were obtained at 300 MHz (‘H)
in CDCIlj; and referenced to tetramethylsilane (TMS).
Mass spectrometry was acquired in EI mode. Optical
microscopy and phase identification was performed
using a Polskie Zaktady Optyczne (PZO) ‘Biolar’
polarised microscope equipped with a HCS250 Instec
hot stage. Thermal analysis was obtained using a
thermal analysis (TA) Instruments 2920 DSC (TA
Instruments, New Castle, DE, USA). Transition tem-
peratures (onset) and enthalpies were obtained using
small samples (1-2 mg) and a heating rate of 5 K
min-1 under a flow of nitrogen gas. For DSC and
microscopic analyses, each compound was addition-
ally purified by filtering solutions in CH,Cl, to remove
particles, followed by recrystallisation from appropri-
ate solvent until constant transition temperatures. The
resulting crystals were dried in vacuum overnight at
ambient temperature.

4.2 Dielectric measurements and data analysis

Properties of liquid crystals were measured by Liquid
Crystal Analytical System using GLCAS software
version 0.951 (LCAS - Series I, LC Vision, LLC, Inc.,
Boulder, CO, USA).

The compounds were loaded into a pipette and
filled into ITO electro-optical test cells by capillary
action in the isotropic state. The cells (about 5 pm
thick with an electrode area of 0.258 cm? and covered
with a surfactant to impose a homeotropic alignment)
were obtained from LC Vision LLC, and their precise
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thickness was measured by optical methods. The filled
cells were conditioned for 12 h at a temperature
that ensured the material would maintain nematic
character. The liquid crystal molecules were aligned
in the cell by running 5 measurements at the highest
temperature before data were collected.

Default parameters were used for measuring
dielectric constants of the compounds: triangular
shaped voltage bias ranging from 20-0.5 V at 1 kHz
frequency. The threshold voltage Vth was measured at
5% of the change. The test frequency for measuring
rotational viscosity was 100 Hz or 1 kHz depending
on the reliability and reproducibility of the measure-
ments conducted at each frequency. The test voltage
was set at 15 V and the repetition delay at 100 ms. Each
compound was measured in 2 or 3 cells, in each cell a
series of 10 measurement was repeated twice, and the
datapoints averaged. Measurements were conducted
typically from 50°C to 108°C depending on the mate-
rial, and measurements were taken every 4 K except for
compound 4b, where measurements were taken every
2 K. The temperature was allowed to equilibrate for
5 min before measuring.

4.3 Synthesis

4.3.1 4-((E)-Dec-4-enyl)-2',3 -difluoro-4'-(2-( trans-

4-pentylcyclohexyl)ethyl)biphenyl (2)

The preparation of 2 followed a general literature
procedure.[23] Thus, a 1.8 M solution of PhLi in Bu,O
(1.2 mL, 2.17 mmol) was slowly added to a suspension
of dry hexyl(triphenyl)phosphonium bromide (0.930 g,
2.17 mmol) in a mixture of THF (5 mL) and Et,O
(3 mL). The resulting dark red solution was cooled to
—78°C, and aldehyde 12 (0.87 g, 2.0 mmol) dissolved
in Et;O (2 mL) was added. The orange solution was
kept at —78°C for 5 min and then at —40°C for 10 min.
An additional portion of PhLi (1.1 mL, 2.0 mmol) was
added, and the resulting dark red solution was stirred
and allowed to warm to —30°C. A 2.0 M solution of
HCl in Et;0 (1.1 mL, 2.18 mmol) and potassium tert-
butoxide (1.0 M solution in THF, 2.97 mL, 2.97 mmol)
were added to give an orange suspension. The reaction
mixture was allowed to stir for 5 h at room temper-
ature after which the precipitate was filtered through
a thin layer of silica gel (hexane). The filtrate was
washed with H,O until neutral pH was obtained. The
organic layer was dried (MgSO,) and the solvents were
evaporated to yield 1.13 g of a yellowish liquid. The
crude product was passed through a silica gel plug
(hexane) and volatile impurities were removed under
vacuum (100°C/0.1 mmHg). The glassy solid residue
(0.83 g) was recrystallised three times (EtOH/AcOEt)
at —15°C to give 0.40 g (40% yield) of olefin 2 as white
needles melting at ambient temperature: 'H NMR §
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0.89 (t, J = 7.2 Hz, 3H), 0.90 (t, J = 7.2 Hz, 3H),
0.80-1.05 (m, 3H), 1.15-1.21 (m, 2H), 1.25-1.40 (m,
13H), 1.51-1.57 (m, 2H), 1.70-1.86 (m, 6H), 1.97-2.03
(m, 2H), 2.05-2.10 (m, 2H), 2.66 (t, J = 7.5 Hz, 2H),
2.70 (t, J = 8.0, 2H), 5.41-5.51 (m, 2H), 6.97 (t, J =
7.1, 1H), 7.08 (td, J = 7.5 Hz, J, = 1.2 Hz, 1H),
7.25(d, J = 6.9 Hz, 2H), 7.45 (d, J = 7.0 Hz, 2H).
Anal. Calcd for C35H50F,: C, 82.63; H, 9.91. Found:
C, 82.37; H, 9.89.

4.3.2 Preparation of Ethers 3 and 4. General
procedure

A mixture of phenol 5 or 6 (1 mmol), anhydrous
K,CO; (420 g, 3 mmol), Aliquat (cat), appropriate
tosylate or alkyl bromide 7 (1.1 mmol) and acetone
(50 mL) was refluxed for 24 h. Acetone was evapo-
rated, the residue was dissolved in hexanes and passed
through a silica gel plug (hexane/CH;,Cl,, 6:1). The
resulting crude ether 3 or 4 was obtained in a typi-
cal yield of better than 85% and was purified further
by repeated recrystallisation from iso-octane, MeCN
or MeOH containing EtOAc.

4.3.3 2,3-Difluoro-4-(2-( trans-4-pentylcyclohexyl)
ethyl)-4'-pentyloxybiphenyl (3a)

"THNMR §0.88 (t,J =7.1 Hz, 3H), 0.94 (t,J = 7.1 Hz,
3H), 0.92-1.03 (m, 4H), 1.11-1.33 (m, 10H), 1.34-1.52
(m, 6H), 1.69-1.88 (m, 6H), 2.68 (br t, / = 7.9 Hz,
2H), 4.00 (t, J = 6.5 Hz, 2H), 6.96 (d, J = 8.5 Hz, 2H),
6.91-6.99 (m, 1H), 7.06 (t, J/ = 7.6 Hz, 1H), 7.45 (d, J
= 8.4 Hz, 2H). Anal. Calcd for C3)H4,F,0: C, 78.91;
H, 9.27. Found: C, 78.67; H, 9.46.

4.3.4 2,3-Difluoro-4-(2-(trans-4-pentylcyclohexyl)
ethyl)-4'-(pent-4-enyloxy ) biphenyl (3b)

'HNMR §0.88 (t, J = 7.2 Hz, 3H), 0.92-1.03 (m, 4H),
1.13-1.35 (m, 10H), 1.46-1.58 (m, 2H), 1.69-1.85 (m,
4H), 1.91 (quint, J = 6.9 Hz, 2H), 2.26 (q, J = 7.2 Hz,
2H), 2.68 (br t, J = 8.1 Hz, 2H), 4.01 (t, J/ = 6.4 Hz,
2H), 5.01 (dd, J; = 10.1 Hz, J, = 0.8 Hz, 1H), 5.04
(dd, J1 = 17.2 Hz, J, = 1.7 Hz, 1H), 5.87 (ddt, J, =
17.0 Hz, J, = 10.0 Hz, J3 = 6.7 Hz, 1H), 6.96 (d, J =
8.7 Hz, 2H), 6.90-7.00 (m, 1H), 7.06 (td, J; = 8.2 Hz,
Jy =14 Hz, 1H), 7.45(dd, J; = 8.7 Hz, J, = 1.4 Hz,
2H). Anal. Calcd for C3()H40F202 C, 79.26; H, 8.87.
Found: C, 79.09; H, 8.80.

4.3.5 (E)-2,3-Difluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)-4'-( pent-3-enyloxy ) biphenyl (3¢-E)
'H NMR 6 0.88 (t, J = 6.8 Hz, 3H), 0.90-1.01 (m,
4H), 1.13-1.35 (m, 10H), 1.48-1.59 (m, 2H), 1.65-1.69

(m, 3H), 1.61-1.87 (m, 4H), 2.49 (q, J = 7.2 Hz, 2H),
2.68 (br t, J = 7.9 Hz, 2H), 4.01 (t, J = 6.9 Hz, 2H),
5.49-5.65 (m, 2H), 6.96 (d, J = 8.8 Hz, 2H), 6.90-6.99
(m, 1H), 7.06 (td, J, = 8.4 Hz, J, = 1.6 Hz, 1H), 7.45
(dd, J, = 8.8 Hz, J, = 1.5 Hz, 2H). Anal. Calcd for
C30H4oF,0: C, 79.26; H, 8.87. Found: C, 79.26; H,
8.93.

4.3.6 (Z)-2,3-Difluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)-4'-( pent-3-enyloxy ) biphenyl (3¢-Z)
'H NMR § 0.88 (t, J/ = 6.8 Hz, 3H), 0.81-1.02 (m,
4H), 1.12-1.34 (m, 10H), 1.48-1.54 (m, 2H), 1.65-1.69
(m, 3H), 1.70-1.86 (m, 4H), 2.57 (q, J = 7.0 Hz, 2H),
2.69 (br t, J = 8.0 Hz, 2H), 4.01 (t, J = 7.0 Hz, 2H),
5.44-5.56 (m, 1H), 5.57-5.69 (m, 1H), 6.97 (d, J =
8.7 Hz, 2H), 6.91-7.00 (m, 1H), 7.06 (td, J; = 8.3 Hz,
Jy=14Hz 1H),7.45(dd, J, =84 Hz, J, = 1.5 Hz,
2H). Anal. Calcd for C3yHy4F,0: C, 79.26; H, 8.87.
Found: C, 79.04; H, 8.87.

4.3.7 (E)-2,3-Difluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)-4'-( pent-2-enyloxy ) biphenyl (3d-E)
'"HNMR §0.88 (t, J = 6.6 Hz, 3H), 0.82-0.99 (m, 4H),
1.04 (t, J = 7.4 Hz,4H) 1.11-1.34 (m, 10H), 1.47-1.54
(m, 2H), 1.69-1.88 (m, 4H), 2.13 (quint, J = 6.8 Hz,
2H), 2.68 (brt, J = 7.9 Hz, 2H), 4.51 (dd, J; = 6.0 Hz,
J> = 0.9 Hz, 2H), 5.65-5.78 (m, 1H), 5.86-5.97 (m,
1H), 6.97 (d, J = 8.7 Hz, 2H), 6.91-7.01 (m, 1H), 6.98
(d,J =8.8 Hz, 1H), 6.98 (td, J/, = 8.2 Hz, J, = 1.4 Hz,
1H), 7.45 (dd, J, = 8.6 Hz, J, = 1.3 Hz, 2H). Anal.
Calcd for C;0HyoF,O: C, 79.26; H, 8.87. Found: C,
79.41; H, 9.04.

4.3.8 2,3,3'-Trifluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)-4'-pentyloxybiphenyl (4a)
'H NMR § 0.88 (t, J = 7.2 Hz, 3H), 0.94 (t, J =
7.2 Hz, 3H), 0.92-1.03 (m, 4H), 1.15-1.35 (m, 10H)
1.38-1.55 (m, 6H), 1.69-1.90 (m, 6H), 2.68 (br t, J =
8.0 Hz, 2H), 4.07 (t, J = 6.5 Hz, 2H), 6.92-7.07 (m,
3H), 7.20-7.32 (m, 2H). Anal. Calcd for C3yHy4 F5O:
C, 75.91; H, 8.71. Found: C, 75.75; H, 8.73.

4.3.9 2,3,3-Trifluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)-4'-( pent-4-enyloxy ) biphenyl (4b)
'HNMR §0.88 (t,J = 6.9 Hz, 3H), 0.82-1.01 (m, 4H),
1.13-1.34 (m, 10H), 1.47-1.55 (m, 2H), 1.72-1.83 (m,
4H), 1.95 (quint, J = 6.9 Hz, 2H), 2.27 (q, J = 7.1 Hz,
2H), 2.68 (bt, J = 8.0 Hz, 2H), 4.09 (t, / = 6.4 Hz, 2H),
5.02 (d, J = 10.2 Hz, 1H), 5.08 (dd, J; = 17.1 Hz, J,
= 1.6 Hz, 1H), 5.86 (ddt, J; = 17.0 Hz, J, = 10.3 Hz,
J3 = 6.6 Hz, 1H), 6.93-7.07 (m, 3H), 7.21-7.31 (m,
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2H). Anal. Calcd for C3yH39F30: C, 76.24; H, 8.32.
Found: C, 76.58; H, 8.44.

4.3.10 (E)-2,3,3-Trifluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)-4'-( pent-3-enyloxy ) biphenyl (4¢-E)
'H NMR 6 0.88 (t, / = 6.6 Hz, 3H), 0.80-1.13 (m,
4H), 1.13-1.34 (m, 10H), 1.47-1.58 (m, 2H), 1.65-1.69
(m, 3H), 1.71-1.87 (m, 4H), 2.52 (q, J = 6.5 Hz, 2H),
2.69 (brt, J =79 Hz, 2H), 4.07 (t, J = 6.9 Hz, 2H),
5.46-5.68 (m, 2H), 6.92-7.07 (m, 3H), 7.20-7.32 (m,
2H). Anal. Calcd for C3 H3oF5;0: C, 76.24; H, 8.32.
Found: C, 76.21; H, 8.31.

4.3.11 (Z)-2,3,3'-Trifluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)-4'-(pent-3-enyloxy ) biphenyl (4¢-Z)
'"H NMR 6§ 0.88 (t, J = 6.8 Hz, 3H), 0.81-1.13 (m,
4H), 1.13-1.34 (m, 10H), 1.47-1.58 (m, 2H), 1.65-1.69
(m, 3H), 1.70-1.85 (m, 4H), 2.61 (q, J = 7.2 Hz, 2H),
2.69 (br t, J = 8.0 Hz, 2H), 4.08 (t, J = 7.0 Hz, 2H),
5.44-5.55 (m, 1H), 5.58-5.71 (m, 1H), 6.92-7.09 (m,
3H), 7.21-7.32 (m, 2H). Anal. Calcd for C3;yH39F;O:
C, 76.24; H, 8.32. Found: C, 76.44; H, 8.16.

4.3.12 (E)-2,3,3-Trifluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)-4'-( pent-2-enyloxy ) biphenyl (4d-E)
To a mixture of trans-2-penten-1-ol (16 mg,
0.18 mmol), phenol 6 (65 mg, 0.16 mmol), PPh;
(50 mg, 0.19 mmol) in dry THF (2 mL), di-isopropyl
azodicarboxylate (DIAD) was added at 0°C under
Ar. The mixture was stirred at room temperature for
3 days, water was added, the organic layer was sepa-
rated, dried (NaSQ,) and the solvent was evaporated.
The resulting residue was passed through a silica
gel plug (hexane/CH,Cl,, 5:1) to give 58 mg (77%
yield) of 4d-E as a white solid. An analytically pure
sample was obtained by repeated recrystallisation
from EtOH/EtOAc, MeCN and iso-octane (—78°C):
'H NMR 6 0.88 (t, J = 7.0 Hz, 3H), 0.84-1.00 (m,
4H), 1.03 (t, J = 7.5 Hz, 3H), 1.12-1.34 (m, 10H),
1.48-1.56 (m, 2H), 1.71-1.85 (m, 4H), 2.12 (quin, J =
6.9 Hz, 2H), 2.69 (br t, J = 8.0 Hz, 2H), 4.59 (d, J =
6.2 Hz, 2H), 5.68-5.77 (m, 1H), 5.87-5.97 (m, 1H),
6.93-7.00 (m, 1H), 7.00-7.07 (m, 2H), 7.20-7.32 (m,
2H). Anal. Calcd for C3;)H39F3;0: C, 76.24; H, 8.32.
Found: C, 76.52; H, 8.27.

4.3.13 2',3'-Difluoro-4'-(2-(trans-4-pentyl-
cyclohexyl)ethyl)biphenyl-4-ol (5)

A solution of anisole 8 (4.75 g, 11.0 mmol) was
treated with BBr; (22 mL, 22 mmol, 1.0 M solu-
tion in CH,Cl,) and the reaction mixture was stirred
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overnight at room temperature. Water (10 mL) was
added slowly, the reaction mixture was stirred for
30 min, the organic layer was separated and washed
with NaHCO;. The organic layer was then dried
(NayS0O,4) and evaporated to afford 4.25 g (99% yield)
of phenol 5 as a crystalline solid. An analytically pure
sample of phenol 5 was obtained by repeated crystalli-
sation from MeCN: 'H NMR 6 0.88 (t, J = 6.6 Hz,
3H), 0.84-1.02 (m, 4H), 1.12-1.34 (m, 10H), 1.47-1.57
(m, 2H), 1.70-1.85 (m, 4H), 2.68 (br t, J = 8.1 Hz,
2H), 4.83 (s, 1H), 6.90 (d, J = 8.8 Hz, 2H), 6.95 (t, J
= 7.6 Hz, 1H), 7.05 (t, J = 7.4 Hz, 1H), 7.42 (d, J =
7.8 Hz, 2H). Anal. Calcd for CpsH3,F,O: C, 77.69; H,
8.34. Found C, 77.62; H, 8.42.

4.3.14 -2'3'3-Trifluoro-4'-(2-( trans-4-pentyl-
cyclohexyl)ethyl) biphenyl-4-ol (6)

Obtained from anisole 9 as described above for the
preparation of 5. An analytically pure sample of 6 was
obtained by repeated recrystallisation from MeCN:
'H NMR (400 MHz) § 0.88 (t, / = 6.8 Hz, 3H),
0.82-1.02 (m, 4H), 1.13-1.34 (m, 10H), 1.47-1.57 (m,
2H), 1.72-1.88 (m, 4H), 2.69 (br t, J = 7.8 Hz, 2H),
5.18 (d, J = 4.2 Hz, 1H), 6.96 (t, J, = 7.4 Hz, 1H),
7.04 (td, J1 = 7.4 Hz, J, = 1.4 Hz, 1H), 7.07 (t, J =
8.7 Hz, 1H), 7.21 (t, J = 8.7 Hz, 1H), 7.29 (d, J =
11.7 HZ, 1H). Anal. Calcd for C25H31F3OZ C, 74.23;
H, 7.72. Found: C, 73.96; H, 7.61.

4.3.15 4-Pentenyl p-Toluenesulfonate [19] (7b)

A solution of tosyl chloride (1.91 g, 10 mmol) in dry
pyridine (10 mL) was treated with a pyridine solu-
tion (5 mL) of 4-penten-1-ol (750 mg, 8.72 mmol) at
0°C. The mixture was stirred at 0°C for 4 h, 10% HCI
(50 mL) was added and the mixture was extracted with
CH,Cl,. The CH,Cl, extract was washed with sat.
NaHCOs3, dried (Na;SOy4) and the solvent was evapo-
rated to give 1.84 g (88% yield) of tosylate 7b as an oil:
'H NMR § 1.74 (quin, J = 6.9 Hz, 2H), 2.03-2.12 (m,
2H), 2.45 (s, 3H), 4.03 (t, J = 6.4 Hz, 2H), 4.90-5.00
(m, 2H), 5.61-5.76 (m, 1H), 7.34 (d, J = 7.9 Hz, 2H),
7.78 (d, J = 8.3 Hz, 2H).

4.3.16 2,3-Difluoro-4'-methoxy-4-(2-( trans-4-pentyl-
cyclohexyl)ethyl)biphenyl (8)

A  mixture of 2,3-difluoro-4-(2-(trans-4-pentyl-
cyclohexyl)ethyl)phenylboronic acid [14] (10, 7.0 g,
20.7 mmol), p-bromoanisole (4.57 g, 22.3 mmol) and
K,CO; (5.7 g, 41 mmol) in DMF (50 mL) under N,
was added into fresh (Phs3)sPd (600 mg, 0.5 mmol).
The mixture was stirred at 80°C for 48 h and filtered
through Cellite. Water (100 mL) was added and the
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mixture was extracted with EtOAc (3 x 50 mL). The
organic layers were combined and dried (Na;SOy)
and the solvent was evaporated. The residue was
passed through a silica gel plug (hexane followed
by hexane/CH,Cl,, 2:1) and further purified by
crystallisation (i-octane) to give 4.39 g (53% yield) of
anisole 8 as a crystalline solid. An analytical sample
was obtained by recrystallisation from MeCN: 'H
NMR 6 0.88 (t, / = 7.1 Hz, 3H), 0.82-1.03 (m, 4H),
1.12-1.35 (m, 10H), 1.47-1.57 (m, 2H), 1.72-1.85 (m,
4H), 2.69 (br t, J = 8.0 Hz, 2H), 3.85 (s, 3H), 6.98 (d,
J = 8.9 Hz, 2H), 6.92-7.01 (m, 1H), 7.06 (td, J; =
8.4 Hz, J, =1.6 Hz, 1H), 7.47 (dd, J; = 8.8 Hz, J, =
1.5 Hz, 2H). Anal. Calcd for CysH34F,0: C, 77.96; H,
8.56. Found: C, 78.08; H, 8.67.

4.3.17 2,3,3'-Trifluoro-4'-methoxy-4-(2-( trans-4-
pentylcyclohexyl)ethyl) biphenyl (9)

The compound 9 was obtained from boronic acid 10
[14] (6.0 g, 17.7 mmol) and 4-bromo-2-fluoroanisole
(4.35 g, 21.3 mmol), as described for the preparation
of 8. The crude product was purified by recrystallisa-
tion (iso-octane) to give 3.44 g (46% yield) of anisole 9
as a crystalline solid: '"H NMR § 0.88 (t, J = 7.2 Hz,
3H), 0.82-1.03 (m, 4H), 1.08-1.33 (m, 10H), 1.46-1.55
(m, 2H), 1.72-1.86 (m, 4H), 2.68 (br t, J = 8.0 Hz,
2H), 3.93 (s, 3H), 6.92-7.09 (m, 3H), 7.26-7.32 (m,
2H). Anal. Calcd for C26H33F3OZ C, 74.61; H, 7.95.
Found: C, 74.83; H, 8.08.

4.3.18 4-(2',3-Difluoro-4'-(2-( trans-4-
pentylcyclohexyl)ethyl) biphenyl-4-yl) butanal (12)
A mixture of PCC (0.72 g, 3.33 mmol) and alcohol
11 [14] (0.98 g, 2.22 mmol) in dry CH,Cl, (15 mL)
was stirred for 3 h at room temperature. The reac-
tion progress was monitored by TLC (CH,Cl, /hexane,
1:1) until the starting alcohol was no longer observed.
Additional portions of PCC (10 mg) were added
as necessary to complete the oxidation. Dry Et,O
(10 mL) was added and the organic layer was separated
from the black residue. The combined organic layers
were passed through a silica gel plug (Et,0), solvents
were removed and the resulting glassy solid was dried
in vacuum to give 0.87 g (89% yield) of aldehyde 12
as a white solid: '"H NMR 6 0.88 (t, J = 5.9 Hz, 3H),
0.80-1.05 (m, 3H), 1.15-1.40 (m, 11H), 1.47-1.58 (m,
2H), 1.72-1.88 (m, 4H), 2.00 (quint, J = 7.0 Hz, 2H),
2.50(t,J = 7.2 Hz, 2H), 2.65-2.75 (m, 4H) 6.97 (t, J =
7.2 Hz, 1H), 7.08 (t, / = 7.4, 1H), 7.24 (d, J = 7.7 Hz,
2H), 7.45 (d, J = 7.8 Hz, 2H), 9.80 (s, LH).

The aldehyde was used in the subsequent step
without further purification.
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