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It is a great pleasure to introduce this second Thematic Series
on "Progress in liquid crystal chemistry" within the Beilstein
Journal of Organic Chemistry. Why liquid crystals?

Liquid crystals have a major impact on our modern society,
reaching from simple digital calculators to high-resolution
flat-panel displays, and their market volume is expected
to further increase. For example, in 2010 revenues of
€1,013 million from sales of liquid crystals were reported
by Merck, the world’s largest supplier of liquid crystal materials
for electro-optical applications. This increase of 38%
on 2009 was attributed to the demand for liquid crystal displays
(LCDs). Forecasts predict annual global shipments of over
268.8 million LCD television sets by 2014 [1]. However,
the chemistry behind liquid crystals, and particularly the syn-
thesis, is the platform for such tremendous technological
achievements, and this is true for both calamitic (rod-like) as
well as discotic (disk-shaped) or other types of liquid crystals
[2-4].

Since our initial Thematic Series "Progress in liquid crystal
chemistry" two years ago [5], the research field has further

broadened and stretches currently from materials science,
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through energy conversion and storage, to life sciences. The
interested reader might be directed to a very recent special issue
of Liquid Crystals edited by John W. Goodby to find more

detailed information [6].

The review articles and original research papers of this second
Thematic Series in the Beilstein Journal of Organic Chemistry,
written by known experts of their field, cover diverse topics
such as novel discotic and calamitic compounds, bent-core
mesogens, amphiphiles, and liquid-crystalline nanoparticles. It
is our goal to give the reader insight into both synthetic aspects
of liquid crystal chemistry as well as application-oriented prop-
erties, such as photoconductivity or chirality transfer, to name
just a few selected examples. Finally, we would particularly like
to inspire people with complementary expertise, working in
different fields of chemistry, to join forces with the liquid
crystal community and to introduce their specific knowledge
and objectives in order to aid the further advancement of this
topic.

Sabine Laschat

Stuttgart, January 2012
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It has been shown that the base-initiated cyclo-oligomerisation of phthalonitriles is favoured by bulky a-substituents making it

possible to obtain the metal-free phthalocyanine directly and in high yield. The phthalocyanine with eight a-isoheptyl substituents

gives a high time-of-flight hole mobility of 0.14 cm2-V~!s™! within the temperature range of the columnar hexagonal phase, that is

169-189 °C.

Introduction

Liquid crystalline semiconductors [1,2] are potentially useful in
the fabrication of organic field-effect transistors [3,4], light-
emitting devices [5-7] and photovoltaic devices [8-11]. Most of
the interest has centred on using them as hole conductors and a
lot of effort has been expended on designing columnar liquid
crystals with high hole mobilities. There are fewer examples of
good liquid crystalline electron conductors, and most of those
known can only be used in an oxygen-free environment [12,13].
However, the columnar phases of 1,4,8,11,15,18,22,25-octa-
octylphthalocyanine show good time-of-flight transits for both

holes and electrons, together with exceptionally high mobilities
(time-of-flight hole mobilities of 0.20 cm2-V~'-s7! in the Col,
phase at 85 °C and 0.10 ecm?-V~1-s7! in the Coly, phase at
100 °C; electron mobilities of 0.30 cm2-V~l-s7 in the Col,
phase at 85 °C and 0.20 cm?V " !s7! in the Coly, phase at
100 °C) [14,15]. Furthermore, this phthalocyanine gives good
time-of-flight electron transits even in an ambient atmosphere
[15]. As a result, related a-alkylated phthalocyanines are
attracting interest for use in organic devices, such as solar cells

[16], and this stimulated our efforts to produce further examples
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[17]. As part of that work we investigated cases in which the
o-substituents were branched-chain types. Since we did not
want to produce mixtures of diasterioisomers, we used either
citronellol-based chains (enantiomerically pure substrates from
the chiral pool) or symmetrical, nonchiral R,CH-terminated
chains, which we synthesised from commercially available
carboxylic acids or alcohols. We discovered that bulky,
branched-chain a-substituents provide steric assistance in the
conversion of the phthalonitrile precursors to the phthalo-
cyanines, thus leading to substantially enhanced yields. Just as
the cyclo-oligomerisation reaction is favoured by the “pull” of a
transition metal template, it can also be enhanced using the
“push” of suitable a-substituents. This makes the metal-free

phthalocyanines much easier to produce on a multigram scale.

Results and Discussion

Synthesis

In synthesising many different a-alkylated phthalocyanines [17]
we experimented with various routes to the phthalonitrile
precursors 6 (Scheme 1). The route that we originally used was
one described by Cook et al. for the octaoctyl compound 7a
[18]. This involved bis-alkylation of thiophene (1), oxidation to
the corresponding sulfone 3, and treatment with fumaronitrile
(Scheme 1, top line). However, for most of the phthalonitriles
we have made, we have found that a much better route is the
nickel-catalysed reaction of an alkylzinc iodide with the bistri-
flate of 3,6-dihydroxyphthalonitrile 5 (Scheme 1, middle line),
previously described in the patent literature [19,20].

The phthalonitriles made in this way were converted to the
phthalocyanines by treating them with lithium pentoxide in
refluxing pentanol [18,21-32]. Yields of phthalocyanines
prepared by this route are generally poor and usually less than
25% [29-32]. This, together with the need for chromatographic
purification, limits the scale on which metal-free phthalo-
cyanine liquid crystals can be made. Such low yields are
common for nontemplated phthalonitrile cyclo-oligomerisation
reactions and, although high-yielding nontemplated routes have
been developed for some metal-free phthalocyanines [19,33-
35], for the liquid-crystalline phthalocyanines, the low yield of
the cyclo-oligomerisation step is a problem. Somewhat surpris-
ingly, for some of the branched-chain a-alkylated systems, we
obtained very good yields even without using a metal template.
As shown in Table 1, not only are some of these yields excep-
tionally high (for nontemplated phthalonitrile oligomerisation),
but there is also a clear relationship between the isolated, re-
crystallised yield and the steric bulk of the a-substituent. As the
bulk of the side-chain is increased or as the branch point in the
side-chain is moved closer to the nucleus, so the yield improves.
In order to check that the high yields were not the result of

templating by adventitious transition metal ion impurities, the
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Scheme 1: (Top) original synthesis of compound 7a from thiophene
(Oc = n-octyl) [19]. (Below) shortened synthesis of a-alkylated deriva-
tives through the triflate of 3,6-dihydroxyphthalonitrile. Reagents: (a)
BuLi; (b) CgH15Br; (c) MCPBA , 35-51%; (d) fumaronitrile/A, 40-48%;
(e) (Tf)20; () (i) RZnl, NiCly(PPh3),, PPhg, BuLi (ii) KBr/=78 °C; (g) (i)
Li/CsH41OH/A, (ii) AcOH.

Table 1: Isolated yields of purified phthalocyanine (chromatographed,
and in the case of 7a—T7e crystallised) obtained by treating the corres-
ponding phthalonitrile 6 for ca. 16 h with lithium pentoxide in refluxing
pentanol. For a-alkylated phthalocyanines with n-alkyl substituents, the
average Yyield obtained by this route is 22 + 5% (based on the fourteen
known examples) [29-32].

Alkyl chain Yield (%)
7a —(CH3)7CH3 17 [25]
7b —(CH3)5CH(CH3)» 28
Tc —(CH3)4CH(CH3), 45
7d —(CH3)3CH(CH3), 62
Te —(CH2)QCH(CH3)2 78
7f ((S)-isomer) 83

—~(CH2)2CH(CH3)(CH2)2CH(CH3),

phthalocyanine 7f was subjected to ICP-MS trace metal
impurity analysis, but levels of transition metal impurities were
found to be below the IPC-MS detection limit (ppb). The most
likely explanation for the effect of these branched-chain
substituents on the yields of these reactions is shown schematic-
ally in Scheme 2. In the intermediates 8 (Scheme 2, X =
CsH10, Y = growing oligomer chain) the exocyclic carbon/
nitrogen double bond marked * presumably has the (Z)-stereo-
chemistry shown. This is the favoured stereochemistry for most
imides of aromatic ketones, although the opposite stereo-
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Scheme 2: Effect of bulky a-alkyl substituents on the base-initiated cyclo-oligomerisation of phthalonitriles.

chemisty is only a little bit less stable if the ortho-positions of
the benzene ring are unsubstituted [36]. On the other hand, if
these “ortho”-positions are substituted, this should provide a
bias towards the (Z)-isomer. More significant in the context of
phthalocyanine formation is the cumulative effect of these
substituents on the conformation of the open-chain tetrameric
precursor 9 (or its equivalent, Scheme 2) to the phthalocyanine
nucleus. Examination of models for compound 9 shows that it is
impossible for this intermediate to achieve total planarity. More
important is the fact that an increase in the bulk of the alkyl
substituents in the “ortho” positions will reinforce the prefer-
ence for a (Z)-configuration about all of the exocyclic carbon/
nitrogen partial double bonds, all six of which need to be Z in
the cyclisation transition state. Hence, since the substituents
would restrict the conformational space available to the inter-
mediate, they would favour cyclisation. This phenomenon is
clearly related to the effect of gem-dimethyl groups on the
cyclisation of acyclic compounds (the Thorpe—Ingold effect)
[37]. From the standpoint of making phthlocyanine-based liquid
crystals, its importance is that it provides a simple, high-
yielding route to metal-free a-alkylated phthalocyanines.

Liquid-crystal properties

The liquid-crystal behaviour of the compounds we synthesised
was investigated by polarising microscopy, differential scan-
ning calorimetry (DSC) and, in the cases of compounds 7¢—7e,

by low-angle X-ray diffraction. The DSC data is summarised in
Table 2, the phase behaviour of the isoalkyl series is compared
graphically with that for the n-alkyl series in Figure 1 and
typical polarizing micrographs are shown in Figure 2. Com-
pounds 7b and 7¢ exhibit Coly, columnar mesophases. For com-
pound 7b the nature of the phase formed at temperatures below
that for the Coly, phase (the phase formed between 112 and
124 °C) remains uncertain, but comparison of the optical
textures (compare Figure 2d with Figure 2b and Figure 2f)
suggests that it is crystalline rather than liquid-crystalline, and
its texture is clearly very different to that of the Col, phase of 7a
(Figure 2b). The X-ray data obtained for compound 7¢ in the
Coly, phase at 170-195 °C shows a 110/200 diffraction band
corresponding to @ = 19.2 A and a broad band corresponding to
a d spacing of 3.5-5.0 A. For compound 7a in its Coly, phase,
Cook et al. reported a 110/200 band a = 22.6 A, a very weak
310 band at ~13.0 A, and a broad band corresponding to a d
spacing of 3.5-5.0 A [30]. In our case we were not able to
detect the weak 310 band, but this is not unusual for the Coly
phase. The X-ray diffraction experiments confirmed that the
phases formed by 7¢ below 169 °C were crystalline and not
columnar liquid-crystalline (not Col,) in nature and that com-
pounds 7d and 7e did not give liquid-crystalline phases.

Because suitable precursors for most isoalkyl chains are not
commercially available and because (at the simplest level of

Table 2: Phase behaviour of the phthalocyanines determined by differential scanning calorimetry (second heating and first cooling cycle and a

heating/cooling rate of 10 °C min~").

Alkyl chain

7b  —(CHj)5CH(CH3),

7c —(CH2)4CH(CH3)2

7d  —(CHy)3CH(CH3),

7e  —(CH2)2CH(CHg)2

7f  ((S)-isomer)
—(CH2)2CH(CH3)(CH2)2CH(CHg),

Isotropic liquid at rt

Phase behaviour °C (AH, J-g™")

Crq 112 (15) Cry (?)124 (9) Coly, 170 (11) 1 162 (=11) Coly, 105 (=9) Cr, (?) 20 (-9) Cr
Cr 169 (14) Col,, 189 (35) | 169 (=17) Col,161 (-14) Crq 140 (=11) Cr

Cr 237 (43) 1223 (-51) Cr

Cry 238 (2) Cry 284 (40) | 190 (-43) Cry
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Figure 1: Comparison of the phase behaviours of the a-substituted phthalocyanines with n-alkyl [25] and isoalkyl side chains. The stable ranges for
the crystal phases are shown in blue and those of the columnar liquid-crystalline phases in yellow.

Figure 2: Optical micrographs taken with crossed polarisers and at a magnification of x 20. (a) n-Octyl derivative 7a in the Col, phase at 145 °C. (b)
7a in the Col, phase at 100 °C. (c) Isooctyl derivative 7b in the Col,, phase at 170 °C. (d) 7b in the unknown (but probably Cr) phase at 120 °C. (e)
Isoheptyl derivative 7c in the Col,, phase at 170 °C. (f) 7c in the Cr phase at 155 °C.
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theory) the space-filling properties of disordered/fluid n-alkyl
and isoalkyl chains are expected to be “much the same”, there
have been few studies of the differences between the liquid-
crystal properties of n-alkyl and isoalkyl-substituted liquid-
crystal derivatives. However, Gray and Kelly have shown that
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Figure 3: (a) Time-of-flight hole transits for an ITO/7¢/ITO cell with the
liquid crystal in its Col,, phase at 185 °C. Applied voltages 60 V (top
trace), 80 V, 100 V, 120 V (bottom trace). (b) Drift velocity as a func-
tion of electric field (185 °C). (c) Temperature-dependence of the hole
mobility within the Col, phase. The error bars represent 2a.
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in the cyanobiphenyl and cyanoterphenyl series the differences
are substantial with the N/I transition temperatures being lower
in the isoalkyl series by between 8 and 50 °C (on the basis of
comparing chains of equal maximum length): An effect reason-
ably attributed to the greater lateral separation between the
molecules in the isoalkyl series [38]. In the isoalkyl-substituted
phthalocyanines 7 the Col-I transition temperatures are a little
higher than they are in the n-alkyl series (by 18 or 26 °C on the
basis of a comparison of chains with the same number of carbon
atoms; by 7 or 18 °C on the basis of a comparison of chains of
maximum equal length). This may reflect a stronger
column—column interaction within the Coly phase, and it is
consistent with the observation that the column—column spacing
for 7c¢ (the isoheptyl derivative) is rather shorter than the value
extrapolated for the n-hexyl derivative from the values reported
for the n-heptyl and n-octyl compounds [30].

Time-of-flight photoconductivity

The hole mobility for compound 7¢ was measured in its Coly,
phase in the temperature range 169-189 °C. Slow cooling of a
thin film sandwiched between ITO-coated glass slides readily
gave the required homotropically aligned sample. However, a
problem was encountered with the ToF measurements. Because
the transit times are very short, the electronic noise generated
by firing of the laser was found to overlap with the transient
signal significantly, making it difficult to determine the transit
times [39]. To overcome this problem, we found it necessary to
increase the working distance between the sample and the laser.
Even at the greatest practicable working distance (several
metres), some noise was still seen in the first 200-300 ns
of the transit, however, it was sufficiently reduced in the
critical 300-800 ns region such that transit times could be
determined. Figure 3a shows the time-of-flight signals for a
sample of 7¢ with a thickness of 23 pum at applied voltages
of 60—120 V and at 185 °C. Figure 3b shows the plot of
drift velocity as a function of field, each point being an
average of five or more independent measurements. The
mobilities were obtained from the slopes of these plots at each
temperature. As shown in Figure 3c, the mobility is almost
temperature-independent within the mesophase range. The hole
mobility of 7¢ in the Coly phase at 185 °C was found to
be 0.14 cm2- V157! which is a little higher than that value
previously reported for 7a of 0.10 cm2-V~!s™! in the Coly,
phase at 100 °C [14].

Conclusion

Mobilities measured by the time-of-flight method are usually
significantly lower than those measured by the pulse-radiolysis
time-resolved microwave conductivity (PR-TRMC) method
because of the very high frequency employed in PR-TRMC. At
such high frequencies the charge carriers only migrate over
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microdomains, avoiding deep traps. Furthermore PR-TRMC
records the combined mobilities of the holes and the electrons.
Hence, although there are a number of PR-TRMC mobilities for
liquid crystals that are as high as, or even higher than, that for
7¢, a value of 0.14 cm2-V 1571 is one of the very highest
recorded for a macrodomain (time-of-flight) hole mobility of a
liquid crystal. The reason why the mobilities of these a-alkyl-
ated phthalocyanines are this high is not entirely easy to under-
stand. Mobilities in liquid crystals are usually intermediate
between those measured in crystalline and amorphous organic
solids, and the mobility is primarily related to the degree of
positional [40-44] or charge [45,46] disorder within the system.
In most cases where a high time-of-flight mobility has been
reported, the observation can be related to exceptionally high
ordering in the mesophase, as revealed by X-ray diffraction (as
in the Col,, phases of hexakispropyloxytriphenylene and hexa-
kisbutyloxytriphenylene, the H phase of hexakishexylthiotri-
phenylene and the Col phases of CPI discotics) [40,42]. In the
case of these a-alkylated phthalocyanines, there is no evidence
from the X-ray studies of any particular “higher” order in the
mesophase but, in comparing them to the triphenylenes, it is
important to take into account the larger size of the aromatic
core [47].

The steric assistance provided to the base-initiated cyclisation
of a-alkylated phthalonitriles, when the a-substituents are
branched-chain, enables the corresponding metal-free phthalo-
cyanines to be made easily and on a multigram scale. Although
in the examples given in this paper the compounds formed in
the highest yields (for those phthalonitriles branched at the
3-position of the alkyl chain) are not liquid-crystalline, liquid-
crystalline examples with branching at the 3-position could

easily be designed.

Experimental
DSC Studies

DSC studies used a Perkin Elmer DSC-7 instrument calibrated
with indium (mp 156.60, AH = 28.53 J-g™!) and a heating/

cooling rate of 10 °C-min™!.

Time-of-flight photoconductivity studies

The cells were assembled in a laminar-flow hood to avoid
contamination by dust or grease. Each ITO-coated glass slide
was connected to a copper wire by epoxy resin (Aradite) and
the tip of the wire was bonded to the ITO surface with silver
paint (RS 186-3600). The two halves were separated by a PET
spacer (Goodfellow Cambridge Limited) with a thickness of
23 pm, held in position with clips and secured with epoxy resin.
The thickness of the cell (d) was accurately determined
by measuring the UV—vis scattering spectrum of the empty cell.

The liquid-crystal sample was filled into the cell in its isotropic

Beilstein J. Org. Chem. 2012, 8, 120-128.

phase by capillary action. The sample was heated up to a few
degrees above the liquid-crystal to isotropic phase transition
temperature and then was cooled into the liquid-crystal phase at
0.1 °C'min"! to produce a monodomain, homotropically aligned
sample (checked by polarising microscopy). The temperature
of the cell was then controlled + 0.1 °C on a Linkam hot stage.
A field of 2.5-5.5 MV-m™! (applied voltage, V ~ 60-120 V)
was applied across the cell, a laser pulse (Nd-YAG laser,
wavelength of 355 nm, intensity 30 mJ/pulse before filtering)
was used to illuminate one side, and the resultant transits
were recorded. Calculations show that this light is absorbed
within <1 pum of the electrode surface. In some cases, a
neutral density filter was used to reduce the laser power. The
transit times T were determined from the inflection point in a
double logarithmic plot of the measured transient photocurrents,
from a series of at least five independent experiments. The
electron mobility for 7¢ was not determined since the inflection
in the time-of-flight signal was insufficiently distinct. As
in the case of 7a, and indeed as in the case of all other “high
mobility” liquid crystals, there was no evidence for field
dependence of the mobility. Hence, the mobility p (= d%/V1)
was determined from the slope of a linear fit to the plot of drift
velocity (t/d) versus field (V/d), as shown in the example in
Figure 3b.

Synthesis

General procedures

Flash chromatography was carried out on Merck
(230400 mesh) silica with HPLC grade solvent as eluent. TLC
was carried out on Merck silica gel (60 A) Fps54 coated glass
plates. Melting points were recorded on a Linkam LTSE300
heating stage. IR spectra were carried out on a Perkin
Elmer Spectrum 1 FT-IR spectrometer. 'H and '3C{'H} NMR
spectra were recorded on a Bruker DPX300 spectrometer.
Proton and carbon signals were assigned by using a
combination of 'H/'H (COSY) and 13C{'H}/'H (HMBC and
HMQC} correlation methods. Both EI and FD mass spectra
were recorded on a Waters CGT micromass instrument. ES
mass spectra were recorded on a Bruker Datonics Micro ToF
instrument. Elemental analyses were performed in the
Microanalysis Department of the School of Chemistry, Univer-
sity of Leeds.

3-Methylbutyl iodide [48]

To a flame-dried flask purged with argon was added triphen-
ylphosphine (44.61 g, 0.170 mol), imidazole (16.16 g,
0.255 mol) and anhydrous diethyl ether/acetonitrile (125 mL/
125 mL). The stirred reaction mixture was cooled (0 °C, ice
bath) and 3-methylbutanol (7.50 g, 0.085 mol) was added. After
10 min, iodine (28.07 g, 0.111 mol) was added in portions.
Upon completion of the addition the mixture was allowed to
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warm to rt and stirred for a further 2 h. The mixture was diluted
with pentane (200 mL), and washed sequentially with sat
NayS,03 (2 x 50 mL), sat CuSOy4 (2 x 50 mL), brine (50 mL),
dried (MgSO,) and concentrated in vacuo. The crude product
was purified on silica gel with pentane as eluent (Ry ~0.70) to
afford the title compound as a homogeneous oil (15.3 g, 91%).

IR (neat): 2956 (C-H), 2929 (C-H), 2906 (C—H), 2870 (C-H)
cm™ ! TH NMR (CDCl3, 300 MHz) & 3.21 (t, J = 7.2 Hz, 2H,
(CH3),CHCH,CH5I), 1.74-1.69 (m, 3H, (CH3),CHCH,CH,]),
0.91 (d, J = 6.37 Hz, 6H, (CH3),CH(CH;),I); 13C NMR
(CDCl3, 75 MHz) & 42.6 (C2), 29.1 (C3), 21.7 (C4), 5.4 (C1);
HRMS-EI (70 eV) m/z: [M — 11" caled for CsHyq, 71.0860;
found, 71.0854; Anal. calcd for CsHyI: C, 30.23; H, 5.60; I,
64.08; found: C, 30.40; H, 5.70; I, 63.80.

4-Methylpentyl iodide [49], 5-methylhexyl iodide [50,51],
6-methylheptyl iodide and (S)-3,7-dimethyloctyl iodide [52]
were obtained in the same manner (see Supporting Information
File 1).

3-Methylbutylzinc iodide

Activated zinc dust was always freshly prepared in the same
glassware to be used for the subsequent stages. A suspension of
zinc (7.85 g, 120 mmol) was stirred in a 2% solution of HCI
(20 mL) for 2 min. The resulting dust was sequentially stirred
and decanted with a 2% solution of HCI (20 mL), water (3 x
20 mL) and EtOH (2 x 20 mL). The resultant suspension was
allowed to settle, decanted and washed with Et,O (20 mL).
Finally the remainder of the glassware for the reaction was
assembled and the activated zinc (ca. 6.54 g, 100 mmol) was
dried under vacuum (ca. 0.1 mbar), purged with argon, flame
dried under vacuum (ca. 0.05 mbar) and again purged with
argon ready for use.

Under an argon atmosphere, the freshly prepared activated zinc
dust (16 g, 0.23 mol, 3 equiv) was stirred in anhydrous THF
(30 mL). Dibromoethane (0.97 mL, 0.011 mol, 15 mol %) was
added via syringe and the mixture was heated under reflux for
ca. 10 min, cooled, and again heated under reflux for ca. 10 min
and cooled. Trimethylsilyl chloride (1.44 mL, 0.011 mol,
15 mol %) was added and the mixture heated under reflux once
more and allowed to cool. 3-Methybutyl iodide (12 g,
0.061 mol) was added via syringe and the mixture was stirred
for 16 h at 40 °C. Upon completion of the reaction, the mixture
was allowed to cool to rt and the excess zinc was allowed to
settle. The resultant grey solution was transferred to a Schlenk
tube via cannula, and the remaining zinc powder was washed
with THF (30 mL) and transferred to the Schlenk tube to afford
the title compound (62 mL, 0.90 M solution, assuming a ~90%

conversion).
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3,6-Bis(trifluoromethanesulfonyloxy)phthalonitrile (5)
[20]

To a flame-dried flask, trifluoromethanesulfonic anhydride
(24.6 mL, 149 mmol) dissolved in anhydrous DCM (20 mL)
was added dropwise to a cooled (—20 °C) stirred solution of 2,3-
dicyanohydroquinone (4) (10.0 g, 62.5 mmol) dissolved in an-
hydrous DCM (30 mL) and 2,6-lutidine (60 mL). Upon comple-
tion of the addition, the reaction mixture was maintained at
—20 °C for 1 h and then allowed to warm to rt and stirred for a
further 16 h. The reaction was quenched by the addition of
water (20 mL), extracted into EtOAc (3 x 50 mL), washed
successively with 10% NaOH (2 x 30 mL), 10% HCI (2 x
30 mL), brine (2 x 20 mL), dried (Na»SO,4) and concentrated in
vacuo to afford the title compound as colourless prisms (18.8 g,
71%). mp (MeOH) 109-110 °C (lit [19] 109-111 °C); IR
(neat): 2252 (CN), 1471 (C=C), 1436 (C=C), 1223 (S=0) cm™!;
'H NMR (CDCl3, 300 MHz) & 7.87 (s, 2H, 4,5H); '3C NMR
(CDCl3, 75 MHz) & 148.9 (C3,6), 128.7 (C4,5), 114.6 (q, J =
319.5 Hz, 2 x CF3), CN not observed; HRMS—EI (70 eV) m/z:
[M]* caled for C1gHaN,»S,F6Og, 423.9259; found, 423.9272;
Anal. calcd for CigH,N,S,FOg: C, 28.31; H, 0.48; N, 6.60; S,
15.12; found: C, 28.20; H, 0.35; N, 6.55; S, 15.10.

3,6-Bis(3-methylbutyl)phthalonitrile (6e)

To a flame-dried flask, under an argon atmosphere, were added
bis(triphenylphosphine)nickel(Il) dichloride (1.18 g,
1.82 mmol), triphenylphosphine (0.95 g, 3.6 mmol) and anhy-
drous THF (40 mL). n-Butyllithium (1.45 mL, 3.64 mmol,
2.5 M in hexanes) was added to the stirred mixture to afford a
blood red slurry. 3,6-Bis(trifluoromethanesulfonyloxy)-
phthalonitrile (7.71 g, 18.2 mmol) and KBr (6.48 g, 54.5mmol)
was added under a fast stream of argon. The resultant brown
solution was cooled to —78 °C. Freshly prepared 3-methyl-
butylzinc iodide (62.4 mL, 56.17 mmol, 0.90 M solution in
THF) was added dropwise over a period of 1 h via cannula from
a Schlenk flask. Upon completion of the addition, the reaction
mixture was allowed to warm to rt and stirred for a further 16 h.
The reaction was quenched by the careful addition of 10% HCl
(10 mL) and the mixture was extracted with EtOAc (3 x
30 mL). The combined organic extracts were successively
washed with 10% HCI (20 mL), 5% NaOH (20 mL), brine
(20 mL), dried (MgSOy4) and concentrated in vacuo. The
resultant yellow solid was purified by chromatography on silica
gel with 5% EtOAc/hexane (v:v) as eluent until all triphen-
ylphosphine was extracted. The title compound [24] was iso-
lated as colourless needles (3.51 g, 72%) by increasing the
polarity to 10% EtOAc/hexane (v:v). Ry~ 0.30; mp (petroleum
ether) 62—-63 °C; IR (neat): 2957 (C-H), 2936 (C—-H), 2872
(C—H), 2226 (CN), 1468 (C=C), 1459 (C=C) cm!; '"H NMR
(CDCl3, 500 MHz) § 7.42 (s, 2H, C4H and C5H), 2.85 (t, J =
8.1 Hz, 4H, ArCH,CH,CH(CHj3),), 1.64 (m, J = 6.5 Hz, 2H,
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Ar(CH,),CH(CHj3),), 1.54 (m, 4H, ArCH,CH,CH(CHj3),),
0.97 (d, J = 6.6 Hz, 12H, Ar(CH,),CH(CH3),); 13C NMR
(CDCl3, 125 MHz) & 146.44 (C3 and C6), 133.43 (C4 and C5),
115.60 and 115.11 (C1, C2 and CN), 39.91 (C'2), 32.38 (C'l),
27.87 (C'3), 22.33 (C'4); HRMS-EI (70 eV) m/z: [M—CH3]*
caled for Cy7Hy Ny, 253.1704; found, 253.1696 (100); Anal.
caled for CgHy4N7: C, 80.55; H, 9.01; N, 10.44; found: C,
79.90; H, 8.95; N, 10.30.

3,6-Bis(4-methylpentyl)phthalonitrile (6d), 3,6-bis(5-methyl-
hexyl)phthalonitrile (6¢), 3,6-bis(6-methylheptyl)phthalonitrile
(6b) and 3,6-bis((S)-3,7-dimethyloctyl)phthalonitrile (6f) were
prepared in the same manner (see Supporting Information
File 1).

1,4,8,11,15,18,22,25-Octa(3-methylbutyl)phthalo-
cyanine (7e)

To a flame-dried flask, under an argon atmosphere, lithium
metal (0.013 g, 1.86 mmol) was added to a solution of 3,6-
bis(3-methylbutyl)phthalonitrile (1.0 g, 3.73 mmol) dissolved in
freshly distilled pentanol (10 mL) under reflux. Upon comple-
tion of the addition, the reaction mixture turned dark green and
was stirred under reflux for 4 h. The mixture was allowed to
cool to rt and acetone (5 mL) was added. Excess pentanol was
removed in vacuo and the resultant dark green oil, which crys-
tallised on standing, was purified by chromatography on silica
gel with 10% DCM/hexane as eluent (R¢ ~ 0.30) to afford the
title compound [24] as fine blue-green needles, which were re-
crystallised from 1:1 THF/acetone (0.81 g, 81%). mp
282-284 °C; DSC (°C, J-g™1): Cr 284.1 (40) I 189.9 (-43); IR
(neat): 3303 (N-H), 2954 (C-H), 2931 (C-H), 2864 (C—H)
-1, IH NMR (CDCl3, 500 MHz) & 7.86 (s, 8H,
C2,3,9,10,16,17,23,24H), 4.46 (t, J = 7.5 Hz, 16H,
5 ArCH,CH,CH(CH3),), 1.91 (dt, J= 6.8 Hz and 8.1 Hz, 16H,
ArCH,CH,CH(CHj3),), 1.79 (m, J = 6.6 Hz, 8H,
Ar(CH,),CH(CH3),), 0.99 (d, J = 6.6 Hz, 48H,
Ar(CH»),CH(CHj3)5); 13C NMR (CDCl3, 75 MHz) & 139.5
(C1,4,8,11,15,22,25), 131.2 (C2,3,9,10,16,17,23,24), 40.4 (C'2),
30.9 (C'1), 27.9 (C'3), 23.4 (C'4); HRMS-ES* m/z: [M]" calcd
for C7,HggNg, 1074.7909; found 1074.7857 (100%), 1075.7900
(75%) [M + 11, 1076.7934 (30%) [M + 2]*.

cm

1,4,8,11,15,18,22,25-Octa(4-methylpentyl)phthalocyanine (7d),
1,4,8,11,15,18,22,25-octa(5-methylhexyl)phthalocyanine (7¢),
1,4,8,11,15,18,22,25-octa(6-methylheptyl)phthalocyanine (7b)
and 1,4,8,11,15,18,22,25-octa((S)-3,7-dimethyloctyl)phthalo-
cyanine (7f) were all prepared in the same manner (see
Supporting Information File 1).
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Supporting Information

Synthesis, analytical and spectroscopic details for the
alcohols, alkyl iodides, phthalonitriles 6b—6d and 6f and
phthalocyanines 7b—7d and 7f.

Supporting Information File 1
Experimental details.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-14-S1.pdf]
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Abstract

Bent-core mesogens have gained considerable importance due to their ability to form new mesophases with unusual properties.
Relationships between the chemical structure of bent-core molecules and the type and physical properties of the formed mesophases
are relatively unknown in detail and differ strongly from those known for calamitic liquid crystals. In this paper symmetric and
nonsymmetric five-ring salicylideneaniline-based bent-core mesogens are presented, and the effect of lateral substituents attached at
the outer phenyl rings (F, Cl, Br) or the central phenyl ring (CH3) on the liquid-crystalline behaviour and on the physical properties
is studied. Corresponding benzylideneaniline-based compounds were additionally prepared in order to study the influence of the
intramolecular hydrogen bond. The occurring mesophases were investigated by differential scanning calorimetry, polarising
microscopy, X-ray diffraction and dielectric and electro-optical measurements. The paper reports on new findings with respect to
the structure—property relationships of bent-core mesogens. On one hand, the disruptive effect of laterally substituted halogen
atoms, F, CI and Br, on the mesophase behaviour of three isomeric series was much lower than expected. On the other hand, an
increase of the clearing temperature by 34 K was observed, caused by small lateral substituents. The electro-optical behaviour,

especially the type of polar switching and corresponding molecular movements, is sensitive to variations in the molecular structure.

Introduction
For a long time there was a general perception that molecules commonly referred to as “calamitic phases”. However, the

capable of exhibiting liquid crystal (LC) phases have to be inherent fallacy of this notion was pointed out in the middle of

rodlike, so-called calamitic LCs. As is well known, such com-

pounds exhibit nematic and smectic phases, which are

the seventies when columnar (Col) phases were discovered in

disklike (discotic) mesogens; such mesogens also exhibit
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nematic behaviour like that of calamitics. In fact, a survey of
the literature shows clearly that molecules with a bent (banana)
shape prepared earlier than discotics by Vorlaender (in 1929)
possess the ability to exhibit mesomorphism. Interest in such
nonconventional mesogens increased remarkably in the mid-
1990s following the report by Niori and co-workers [1] that the
mesophases (banana phases) formed by 1,3-disubstituted
benzenes hold unusual properties. As a result, a large number of
banana-shaped compounds have been synthesized with various
combinations of structural fragments, and thus, they represent a
new subfield of liquid crystals. Generally speaking, these meso-
gens prefer to pack in layers so as to yield smectic phases. Due
to their bent shape there is a lateral correlation of molecular
dipoles yielding a polar order within the layers, which can be
switched on application of an electric field. The molecular
arrangement of bent-core molecules, with respect to the tilt and
the polarity in adjacent layers of a SmCP phase, is shown in
Supporting Information File 1, Figure S1. An explanation of the
suffixes P, A, F, s, and a, used for the characterization of
banana phases, is also given there. In the SmCP phase the mole-
cular long axis is tilted with respect to the layer normal, which
corresponds to a C, symmetry of the smectic layers. The combi-
nation of director tilt and polar order leads to a chirality of the
smectic layers, although the constituent molecules are achiral
[2]. In this context it should be noted that there is a tilted
smectic “banana phase” designated as SmCG, which exhibits

chiral smectic layers with C; symmetry [3,4].

In order to avoid a macroscopic polar order, in most cases the
polar axes in adjacent layers are antiparallel such that, in
general, antiferroelectric SmCP 4 phases occur, which can be
switched into the corresponding ferroelectric state. This
switching, and also the switching between opposite ferroelec-
tric states, usually takes place by the collective rotation of the
molecules around the tilt cone. It is seen from Supporting Infor-
mation File 1, Figure S1 that during this switching, the chirality
of the layers does not change. However, there are SmCP phases
where the switching is based on a collective rotation of the
molecules around their long molecular axes. In this case the
chirality of the smectic layers is changed by the switching
process, which is a prominent feature observed in the present
investigation.

The formation of simple layer structures is disrupted if the
amount of space required by the rigid cores and the flexible
terminal chains is too different. Together with certain polar
forces, such connection can result in undulating tilted smectic
phases designated as USmCP, or columnar phases of different
structure. The columns are represented by polar-layer frag-
ments. Two examples are given: In the By phase, the columns

form a 2D rectangular cell. However, the structural feature of

Beilstein J. Org. Chem. 2012, 8, 129-154.

B7 phases is a splay of polarization, which gives rise to an
undulation of smectic layers or two-dimensionally ordered layer
fragments [5].

Due to such unusual behaviour banana-shaped liquid crystals
have emerged as a special topic in the field of liquid crystals. It
should be pointed out here, that polar banana phases have only
been formed by bent molecules up until now. Although a bent
conformation is also exhibited by dimesogens due to the pres-
ence of odd-parity central spacer, they do not spontaneously
form polar banana phases [6,7].

In general, banana-shaped molecules consist of five or more
aromatic rings, in which two wings (rodlike arms) are attached
to the 1,3-positions of a central phenyl ring. The vast majority
of the banana-shaped mesogens contain ester and/or azo-
methine linking groups. It is remarkable that derivatives
containing an azomethine group (Schiff bases) often show
interesting polymorphism. Relationships between molecular
structure and the formation of banana phases have been summa-
rized, together with the structure and the behaviour of these
phases, in several reviews, see e.g., [8-11].

It is well-known that a hydroxy group in ortho-position to the
CH=N (azomethine) unit not only enhances the photochemical
and hydrolytic stability due to intramolecular H-bonding, but
also increases the clearing temperature of liquid crystals. There-
fore, the introduction of salicylideneimine fragment(s) in the
LC molecular architecture has attracted significant attention.
Several examples demonstrate this, as many salicylideneani-
lines exhibiting mesophases are listed, see e.g., [12,13]. These
salicylideneanilines, but also salicylideneimines, can form
metallomesogens by complexation with d- and f-block
elements, [14-17]. Tris(salicylideneanilines) having a discotic
shape exhibit a room-temperature columnar mesophase [18,19].
Dendromesogens containing up to 64 peripheral mesogenic sali-
cylideneimine fragments have also been reported [20]. Antifer-
roelectric behaviour has been claimed by Yablonski et al. to be
exhibited by achiral liquid-crystalline monomer—polymer

mixtures containing salicylideneaniline moieties [21,22].

Interesting examples of bent molecules are given by the
following: Two salicylideneimine moieties can be connected to
each other to form twin molecules (Scheme 1A). In the case
of an odd-numbered spacer these dimers exhibit a bent shape
and form nematic, columnar nematic, smectic and columnar
phases. Columnar phases were not found for the dimers having
even-numbered spacers, because these molecules are more
linear [23-27]. Interestingly, for a nonsymmetric chiral dimer
the reentrant-phase behaviour SmA—SmA—SmA was reported
[28].
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Scheme 1: Examples for bent mesogens containing salicylideneimine moieties.

Rao et al. postulated a new chiral smectic phase formed by
W-shaped achiral molecules that contain two salicylideneani-
line units (Scheme 1B) [29,30]. Recently, new achiral four-ring
molecules were reported by Deb et al., in which two substituted
salicylideneaniline moieties are linked by an ester group
(Scheme 1C). These compounds, which show a strong photolu-
minescence, exhibit typical banana phases B; and By [31].
Yelamaggad et al. reported V-shaped five-ring mesogens: Two
salicylideneaniline moieties are linked by ester groups to the
1,2-positions of a phenyl ring. Due to the low bending angle of
about 70°, the molecules form a partially intercalated SmA
phase instead of banana phases [32].

Banana phases can be expected when the bending angle is
opened to about 120°. Already several bent-core mesogens with

salicylideneaniline moieties have been reported. The molecules

can have a symmetric or nonsymmetric structure. If the
aromatic core consists of five phenyl rings containing one and
two salicylideneaniline moieties we speak about mono- or disal-

icylideneaniline compounds.

Monosalicylideneaniline compounds with different chain
lengths in the terminal positions have been reported. Addition-
ally, the effect of a nitro group neighbouring the hydroxy group
has been studied. A mixture of one of these derivatives with a
chiral twin compound was investigated by dielectric methods
[33,34]. Yelamaggad et al. [35] reported nonsymmetric mole-
cules having two fluorine atoms in the 2,3-position of one outer
phenyl ring. SmCP phases with an unusual electro-optical
switching behaviour were observed. The SmCP phase of biden-
date bent-core ligands disappears in the corresponding Cu(II)
and Pd(II) metal complexes (Scheme 1D) [36].
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In 2001, homologues of a series of symmetric compounds
bearing both azomethine groups between the outer and the next
neighbouring inner phenyl rings were reported for the first time
by Yelamaggad et al. [37-39] who also investigated the phase
behaviour under pressure and the effect of light on the polariza-
tion of a mixture of these salicylideneanilines with a photoac-
tive azo compound. The observation of a B; mesophase on the
hexadecyloxy compound is surprising, because the central
phenyl ring was not substituted by a nitro or cyano group as is
the case for most of the other banana-shaped liquid crystals that
form this phase type [40]. The nonyloxy homologue was
studied in detail by Walba et al. For this compound, also abbre-
viated as NORABOW, the existence of the very rare SmCG
mesophase was claimed [41]. Achten et al. compared the phase
behaviour of the complete homologous series with that of the
corresponding 1,5-pentylene connected dimers [27]. In 2007,
we reported systematic investigations on the influence on the
mesophase behaviour of lateral groups attached to the central
phenyl ring of several homologous series [42].

Isomeric compounds, symmetric in the aromatic core, result
when both azomethine groups are linked to the central phenyl
ring. The influence on the mesomorphism of a fluoro
substituent at the central phenyl ring was studied by Rao et al.
[43]. Three years ago, we reported the synthesis and a remark-
able electro-optical behaviour of three bent-core compounds
derived from 2-methyl-1,3-phenylenediamine. The unusual
current response showed five peaks per half period. Such multi-
stage switching was measured for the first time on banana-
shaped liquid crystals and has been proved by different electro-
optical methods and optically observed by a high-speed camera
[44.,45].

It is not surprising that bent-core compounds having six phenyl
rings can also form banana phases. Recently, the central phenyl
ring of a salicylideneaniline based five-ring bent-core com-
pound was replaced by a biphenyl moiety, leading to SmCP
phases [46].

In continuation of our work on salicylideneaniline-based
banana-shaped mesogens, we herein report a study of the effect
of lateral substituents on the mesophase behaviour of symmetric
and nonsymmetric five-ring bent-core mesogens. Up to now
there have only been systematic investigations on the effect of
atoms and groups introduced at the central phenyl ring. In our
work, we now attach halogen atoms at the outer phenyl rings.
When nonsymmetric compounds are laterally substituted with
one halogen atom, this can be introduced in either one of both
of the molecular legs, giving isomeric compounds, which will
allow a detailed comparison. A further goal of the present work

is the synthesis of bent-core salicylideneaniline compounds

Beilstein J. Org. Chem. 2012, 8, 129-154.

bearing a lateral methyl group at the central phenyl ring, in
search of further materials that may also show the unusual
multistage switching as mentioned above. To assess the effect
of the intramolecular hydrogen bond on the mesophase behav-
iour, corresponding compounds without hydroxy groups were
additionally prepared. In order to focus the study on the effect
of lateral substituents, the hydrocarbon chains at both terminal
phenyl rings were fixed with dodecyloxy groups.

Results and Discussion
Monosalicylideneaniline compounds OH 1
bearing the azomethine group between an

outer phenyl ring and its neighbour

Synthesis of the compounds OH 1

The synthesis of the compounds OH 1, which contain the azo-
methine connection group between an outer phenyl ring and the
adjacent ring of the five-ring bent-core mesogens, is sketched in
Scheme 2. The 4-(4-dodecyloxy-3-halogenobenzoyl-
oxy)benzoic acids 2 were prepared by acylation of 4-hydroxy-
benzaldehyde with the corresponding 4-dodecyloxy-3-
halogenobenzoic acids following oxidation of the formyl com-
pounds 1. The phenolic intermediates 3 were obtained by reac-
tion of 3-benzyloxyphenol with the substituted benzoic acids 2
and hydrogenolytic deprotection of the hydroxy group
according to [47]. The final products OH 1a—c were obtained
by esterification of the phenols 3 with 4-(4-dodecyloxy-2-
hydroxybenzylideneamino)benzoic acid (4), which exhibits a
liquid-crystalline phase itself (Cr 204 N 269 I) [42]. It should be
mentioned that Yelamaggad et al. [36] preferred a condensation
step between the 4-n-alkyloxy-2-hydroxybenzaldehyde and the
related four-ring amino compound for the synthesis of short-
chain homologues of the laterally unsubstituted compound OH
1a to study the complexation with Cu(II) and Pd(II).

Mesophase behaviour of the compounds OH 1

The transition temperatures and associated enthalpies of the
compounds OH 1 are summarized in Table 1. The introduction
of the hydroxy group causes an increase of the clearing
temperature by approximately 30 K (compare, e.g., compounds
H 1a and OH 1a). This stabilization effect is already well-
known from calamitic Schiff bases and is caused by the
intramolecular hydrogen bond, which could also reduce the
flexibility of this molecular leg. Halogen substituents in pos-
ition X have only a modest effect on the mesophase stability. A
slight decrease in the clearing temperature with increasing size
of the substituent is observed. We had expected a stronger
effect caused by a lateral chlorine or bromine atom.

By cooling the isotropic liquid of H 1a and OH 1a a birefrin-
gent grainy texture together with areas showing a Schlieren
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Table 1: Mesophase behaviour, transition temperatures (°C) and enthalpies [kJ/mol], and Ps values (nC/cm?2) of compounds OH 1 and H 1a.
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No. R X cr SmCP, Ps

H1a H H . 92 . 111 . 750
[62.3] [19.8]

OH 1a OH H . 80 . 142 . 900
[44.7] [22.4]

OH 1b OH cl . 82 . 140 . 390
[22.5] [19.2]

OH 1c OH Br . 85 . 134 . 250
[22.1] [16.9]
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Figure 1: Polarising optical microscopy images. a) Compound OH 1a: Grainy texture with smectic Schlieren areas at 130 °C; b), c) compound OH 1c:
Chiral domains of opposite handedness at 125 °C; polarisers decrossed from 90° by about +/-5°.

texture were observed by polarising optical microscopy
(Figure 1a), which is a hint for a layer structure. In contrast, the
mesophases of the halogen-substituted compounds OH 1b and
OH 1c¢ appeared optically isotropic with crossed polarisers. By
rotation of one of the polarisers clockwise from the crossed
(90°) position, bright and dark domains became visible
(Figure 1b). Rotating the polariser anticlockwise by the same
angle made the dark domains bright, and vice versa (Figure 1c).
Obviously domains of opposite handedness occur. One explan-
ation is the bookshelf geometry of smectic layers in which an
anticlinic arrangement with a tilt angle of 45° leads to an ortho-
conic structure. This state is nonbirefringent [48,49].

X-ray diffraction experiments on powderlike samples of OH 1a
and OH 1b showed first and second order layer reflections and
a diffuse outer scattering, revealing a simple layer structure
having a liquidlike state within the layers (Figure 2). The layer
thicknesses amount to d = 4.0 nm (OH 1a) and d = 4.2 (OH
1b). Based on a calculated molecular length of L ~ 5.4 nm, the
molecular long axes are tilted with respect to the layer normal
by about 42°, excluding an intercalation of the terminal chains.

EHC cells consisting of two thin glass plates with a conductive
surface (ITO) were used for electro-optical investigations. After
the cell is filled with the material under study, the application of
an electric field gives information on the dielectric properties
and polar switching processes. The current response curve of a
low-frequency triangular wave voltage shown in Figure 3a
gives evidence that the tilted smectic phase exhibits an antifer-
roelectric switching behaviour. Cooling the isotropic liquid in
the presence of a D.C. field leads to the formation of circular
domains, in which the layers are arranged cylindrically. In the
ground state the extinction brushes are parallel to polariser and
analyser, see Figure 3c. From this observation it follows that the
antiferroelectric SmCP phase exhibits an anticlinic arrangement
(SmC,P,). By application of an electric field the extinction
brushes rotate clockwise or anticlockwise depending on the

polarity of the field, see Figure 3b and Figure 3d. Under the

Figure 2: X-ray diffraction pattern of a powderlike sample of OH 1b at
131 °C (inset: Small angle region; lower part of the patterns shadowed
by the heating stage).

field the molecules are arranged with the polar axes in the field
direction such that a synclinic and ferroelectric state results.
When the field is switched off, the molecules rotate back to the
antiferroelectric ground state. The arrangement of the molec-
ular long axes in two adjacent layers is sketched below the
textures in Figure 3. This behaviour was found for all com-
pounds OH 1a—c. The values of the spontaneous polarization

are given in Table 1.

The switching behaviour of the compound H 1a without the
hydroxy group is more complicated (Figure 4). When an elec-
tric field is applied, circular domains are formed (Figure 4b). In
the circular domains the smectic layers are cylindrically
arranged around the centre of the domains. This arrangement is
indicated by the occurrence of extinction crosses. For tilted
smectic phases the angle between the extinction crosses and the
crossed polarisers corresponds to the tilt angle of the smectic
phase. As shown in Figure 4b, circular domains appear under
application of a sufficiently high electric field. After removal of
the electric field, the relaxation of the field-induced circular
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domains strongly depends on the experimental conditions.
When the electric field is removed quickly, the extinction
crosses rotate back to the crossed polariser position. The texture
becomes dark and the crosses are difficult to recognize, as
shown in Figure 4a. The reason for this is that for smectic layers
perpendicular to the substrate an antiferroelectric arrangement
with a tilt angle of about 45° leads to an orthoconic structure.
This state is nonbirefringent in the direction perpendicular to
the substrate and therefore dark between crossed polarisers [49].
Upon reapplication of the electric field, the crosses rotate back
to the 45° positions (Figure 4a and Figure 4b). When the field is
removed very slowly (about 2 V/s) the circular domains do not
change, and only a slight decrease in the birefringence is seen
(Figure 4c). When the electric field is applied again, the extinc-
tion crosses do not rotate. Different movements of the molec-
ular long axis are responsible for such distinct behaviour: In
most cases the molecular long axes rotate on a cone, as sketched
in Figure 4 below the texture. In the other case, the crosses do
not change when the molecules of each second layer rotate by
180° about their long axes (sketch on the right below the
textures in Figure 4).

In this case, of rotation about the long axes, the chirality
changes from the chiral SmC¢P phase to the racemic SmCgP 5
phase. This means that the chirality is changed in every second
layer. Such flipping of chirality has been reported by Schroder
et al. in 2004 [48] for the SmCP phases and by Szydlowska et
al. in 2003 [50] for the B; phase. Both processes of molecular
movement require different energies, which correspond to
different coefficients of viscosity for both molecular move-
ments [51].

Monosalicylideneaniline compounds OH 2
bearing the azomethine group between the

central phenyl ring and one neighbouring ring
Synthesis of the compounds OH 2

The compounds OH 2 have one azomethine linking group
between the central phenyl ring and the adjacent ring bearing a
hydroxy group. Two reaction pathways to prepare these com-
pounds are sketched in Scheme 3. The basic intermediates were
the 4-formyl-3-hydroxyphenyl 4-n-dodecyloxy-3-substituted-
benzoates Sa—d, which were synthesized by acylation of 2.,4-
dihydroxybenzaldehyde with the corresponding 4-n-dodecyl-
oxy-3-substituted-benzoyl chlorides prepared by use of oxalyl
chloride. Following pathway A the condensation of the salicyl-
aldehydes 5a—d with 3-aminophenyl 4-(4-n-dodecyloxy-3-
substituted-benzoyloxy)benzoates 6 yielded the final com-
pounds according to [33].

Following pathway B, the salicylidene intermediates Sa—d were

reacted with 3-aminophenols to give the phenols 7a,b. Subse-
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quently, their esterification with 4-(4-n-dodecyloxy-3-substi-
tuted-benzoyloxy)benzoic acids 2 was the final step needed to
afford the compounds OH 2b, 2e, 2g. The selection of route A
or B was determined by the better purity of the final products,
but short reaction paths for the expensive intermediates, e.g.,
the fluoro-containing compounds, were also an important
consideration.

Mesophase behaviour of the compounds OH 2
Transition temperatures and corresponding enthalpies from
calorimetric measurements are summarized in Table 2. For
comparison, the compound H 2a without the hydroxy group is
added.

All compounds OH 2 form a SmCP phase. The clearing
temperature of the benzylideneaniline H 2a is increased by
29 K by introduction of the hydroxy group in the ortho position
of the azomethine linking group, to give OH 2a. The effect of a
methyl group on the mesophase stability depends on the pos-
ition on the central phenyl ring. The lowering of the
smectic—isotropic phase-transition temperature by introduction
of the lateral methyl group in the 6-position, OH 2b, amounts to
31 K. The influence of a methyl group in the obtuse angle of
OH 2c, that is in position 2, can be virtually ignored, and
surprisingly also the combination with a chlorine atom laterally
attached to one of the outer rings in OH 2d has little effect.
Comparing the different sizes and polarities of the halogen
atoms in the compounds OH 2e—j, a fluorine atom increases the
clearing temperatures by about 6 K (2e, 2h in comparison to the
laterally nonsubstituted compound OH 2a). The chlorine- and
bromine-substituted compounds have transition temperatures
that are only a little lower. Although the bromine atom is a rela-
tively large substituent, the clearing temperatures are, surpris-
ingly, depressed by only few degrees. Furthermore, the
disrupting effect is comparable for the both series OH 2e—g and
OH 2h-j, which are isomeric to each other. Here, the halogen
atoms are attached to the “left” or “right” arms, which are
chemically different. It should also be mentioned that by intro-
duction of one halogen atom in these nonsymmetric molecules
the melting temperatures can strongly decrease. Therefore, rela-
tively broad enantiotropic mesophase ranges result, for
example, 77 K for compound OH 2j.

Observation by polarising optical microscopy shows textures
typical for SmCP phases, for example fan-shaped, ribbonlike
and Schlieren textures (Figure 5).

X-ray diffraction studies on OH 2a give evidence for a layer
structure with a liquidlike order within the layers. The layer dis-
tance, with d = 3.8 nm, is significantly smaller than the calcu-

lated molecular length (L ~ 5.4 nm). According to cos 0 =d/L, a
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Scheme 3: Reaction pathways to prepare the monosalicylideneaniline compounds OH 2a-j.

tilt angle of the molecular long axis with respect to the layer
normal of 45° results at a temperature of 130 °C. A similar tilt
angle of 42° was determined from the mutual positions of the
maxima of the outer diffuse scattering and of the small-angle
reflections in the 2D diffraction patterns (Figure 6). The signifi-
cant difference in the intensities of the two maxima of the outer

diffuse scattering is a hint to a synclinic arrangement of the
molecules in adjacent layers.

Electro-optical measurements on OH 2a by using a triangular

wave voltage show a current response consisting of two repolar-

ization peaks, which proves an antiferroelectric ground state.
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Table 2: Mesophase behaviour, transition temperatures (°C), transition enthalpies [kJ/mol] and Pg [nC/cm?] values of the compounds OH 2 and H 2a.

6 V4
¢ L
—
o) 07NN 0
2
o) R o
C12H250 OC12Has
X Y

No. R X 4 Y Cr SmCPx Ps

H2a H H H H . 111 . (107) . 920
[65.5] [16.9]

OH 2a OH H H H . 105 . 136 . 670

[33] [63.1] [22.4]

OH 2b OH H 6-CHs H . 83 . 105 . 630
[32.0] [16.3]

OH 2¢ OH H 2-CHs H . 125 . 132 . —a
[27.4] [19.5]

OH 2d OH Cl 2-CHs H . 125 . 133 . 420
[11.7] [18.9]

OH 2e OH F H H . 107 . 142 . 730
[47.4] [21.2]

OH 2f OH Cl H H . 68 . 138 . 730
[22.1] [20.7]

OH 2g OH Br H H . 66 . 132 . 470
[24.8] [18.9]

OH 2h OH H H F . 107 . 143 . 660
[30.4] [21.8]

OH 2i OH H H cl . 79 . 135 . 640
[56.9] [21.7]

OH 2j OH H H Br . 56 . 133 . 590
[24.3] [20.1]

@Despite many purification procedures, Pg could not be reproducibly measured due to the high conductivity of the compound.

Figure 5: Compound OH 2a: Texture of the SmCP phase at 126 °C.

Figure 7 shows the switching behaviour and corresponding
textures. The extinction crosses rotate to the right or left in
response to the polarity of the electric field. This behaviour is
characteristic of a tristable switching process between the tilted
anticlinic antiferroelectric (SmC,P,) and the synclinic ferro-
electric (SmCgPF) states. The value of the spontaneous polariza-

tion was calculated from the area under the repolarization peaks
to be 660 nC/cm?2. The switching behaviour of OH 2a is
representative for all compounds OH 2a—j. The Pg values are
given in Table 2.

Disalicylideneaniline compounds OH 3 and
OH 4 bearing the azomethine groups
between the outer and neighbouring phenyl
rings

Synthesis of the compounds OH 3 and OH 4
Compounds OH 3 and OH 4 consist of two 4-n-dodecyloxysal-
icylideneaniline moieties, which are connected to the central
phenyl ring by ester groups. These linking groups have different
directions in the compounds OH 3 and OH 4. Esterification of
the carboxylic acid 4 or of the phenolic intermediate 8 with the
corresponding resorcinols and isophthalic acids, yielded the
compounds OH 3 and OH 4, respectively, as sketched in
Scheme 4.
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Figure 6: a) 2D X-ray pattern of a surface-aligned sample of compound OH 2a at 128 °C (lower part of the pattern shadowed by the heating stage); b)
X scan for the outer diffuse scattering with maxima at x = 125 and 220° [I,; = 1(128 °C)/I(140 °C, isotropic liquid], and the position of the layer reflec-

tions for comparison (gray line).
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Figure 7: Electro-optical switching behaviour of compound OH 2a: a) current response (U = 230 Vpp, f=25 Hz, T =106 °C, dge) = 6 um; Ps = 660
nC/cm?); b—d) tristable switching on homogeneous chiral domains; starting from texture c) where the extinction crosses are parallel to the crossed
polariser, the extinction crosses rotate anticlockwise in b) and clockwise in d) in dependence on the polarity of the D.C. electric field.

Mesophase behaviour of the compounds OH 3

Table 3 shows the transition temperatures of the isophthalic
acid derivatives OH 3a—c together with those of the corres-
ponding esters H 3a—c, which do not exhibit an ortho-hydroxy
group, for comparison.

Liquid-crystalline phases were not observed for the benzyli-
dene derivative H 3a. The introduction of the hydroxy groups
enables the salicylideneaniline compound OH 3a to form a

mesophase. The clearing temperature of the bromine-substi-
tuted compound OH 3b increases due to the presence of
hydroxy groups, in comparison to H 3b, by 34 K. Liquid-crys-
talline behaviour was not observed for either of the nitro deriva-
tives H 3¢ or OH 3¢, probably because the 5-position of the
nitro group, which is at the top of the bent molecules, is steri-
cally unfavourable in most cases. Generally, melting tempera-
tures and phase-transition temperatures of isophthalic acid

derivatives are much higher in comparison to those of the
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Scheme 4: Synthetic steps followed to prepare the compounds OH 3 and OH 4.

Table 3: Mesophase behaviour, transition temperatures (°C) and enthalpies [kJ/mol] of compounds OH 3 (on the right) and compounds H 3 (on the
left).

z
/|/
Y
T LT

C12H250 R R OC12Hazs
Mesophase behaviour R=H Z R =0OH Mesophase behaviour
Cr190[98.0] | H 3a H OH 3a Cr 179 [63.5] SmCPa 223 [22.5] |
Cr 163 [84.2] (SmCPp 155 [28.2]) | H 3b 4-Br OH 3b Cr 136 [40.8] SmCPa 189 [21.6] |
Cr193 [57.5] | H 3c 5-NO, OH 3c Cr224 [61.9]1

isomeric resorcinol derivatives (see compounds OH 4), as also  Helical filaments and circular domains grow upon cooling of
proved for two other series of isomeric five-ring mesogens the isotropic liquid of compound OH 3a (Figure 8a), which

containing only ester linking groups [47]. coalesces into a nonspecific texture. Such spiral germs could be
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Figure 8: Optical photomicrographs of compound OH 3a: a) On cooling of the isotropic liquid; c) U=0V; b) Upc. =67 V, T =172 °C, dgg = 6 um.

a hint for undulated layer structures or a By phase. X-ray
patterns on nonoriented samples display two orders of layer
reflections (d = 4.7 nm), however do not provide any evidence
for a modulation or undulation of the layers.

Upon application of an electric field, the birefringence slightly
changes, as shown in Figure 8b and Figure 8¢ for a D.C. field.
In Figure 9b, the parallel arrangement of extinction crosses with
respect to the position of the crossed polarisers indicates an
anticlinic arrangement of the molecules in adjacent layers. With
high fields, two repolarization peaks per half period were sep-
arated, which is typical for an antiferroelectric switching of a
SmC,P phase (Figure 9a). The extinction crosses do not rotate
and the electro-optical behaviour is independent of the polarity
of the electric field. This behaviour suggests that the position of
the optical axis and hence the direction of the molecular long

axes does not change. Therefore, the switching process can be
explained by a collective rotation of the molecules about their
long axis.

Substitution of the central phenyl ring with a bromine atom
(Z = 4-Br) results in a broader mesophase range at lower
temperatures for OH 3b. Upon cooling of the isotropic liquid,
lancetlike filaments grow into a fan-shaped texture exhibiting
some cross-stripes (Figure 10).

X-ray patterns from partially aligned samples of the 4-bromo-
isophthalic acid derivative OH 3b display up to five orders of
the layer reflections on the meridian of the 2D-pattern
(Figure 11a), which is evidence for a layer structure with well
defined layers (d = 4.8 nm at 160 °C). From the position of the
maxima of the outer diffuse scattering at approximately 115 and
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Figure 9: Electro-optical behaviour of compound OH 3a: a) Current response curve (U = 308 V,, f= 35 Hz, T =172 °C, dge) = 6 pm, Ps = 370 nC/
cm?); b) texture of the SmCPA phase depending on the polarity of the applied field.
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Figure 11: a) 2D X-ray pattern of a surface-aligned sample of compound OH 3b at 160 °C (lower part of the pattern shadowed by the heating stage);
b) x-scan for the diffuse scattering (black line), compared to the position of the layer reflections on the meridian (grey line).

245° in the  scan (Figure 11b), an average tilt angle of about
25° towards the layer normal was found.

Initial electro-optical investigations employing an A.C. field
(U =260 V,p, f=20 Hz, T = 106 °C, deep = 6 pm,
Pg = 180 nC/cm?) yielded a current response with one repolar-
ization peak per half period only. This would normally be a hint
for ferroelectric properties of compound OH 3b, but it is in

—40V

contradiction to the optical behaviour shown in Figure 12. A
tristable switching process is observed, and after the electric
field is switched off the texture is clearly changed (Figure 12b).
In the case of a ferroelectric response, the compound would
switch between the states (Figure 12a and Figure 12c¢), and after
the field is switched off one of these textures would be remain.
By extensive electro-optical studies employing lower frequen-
cies and a modified triangular wave voltage, the current

Figure 12: Compound OH 3b: Texture of the SmCP4 phase in dependence on the polarity of the applied D.C. field.
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response peaks split. Thus, the results of the electro-optical
studies are consistent with each other, and the mesophase of
compound OH 3b can be assigned as SmCP, phase.

Mesophase behaviour of the compounds
OH 4

The carboxylic groups attached to the central phenyl ring of the
molecules OH 4 have an inverse direction in comparison to
those of the compounds OH 3. The basic series OH 4, i.c.,
without lateral substituents, has been an object of interest for
several research groups [27,37-41]. Some time ago, the influ-
ence of lateral substituents on six complete homologous series,
in which the aromatic five-ring core corresponds to formula
OH 4, was investigated by us. The effect of atoms and groups
laterally attached to different positions on the central phenyl
ring was studied [42]. Therefore, Table 4 shows only a few
examples of interest for the present paper.

Compounds H 4a—d and OH 4b and 4d are new materials. As
seen from Table 4, the nature of the mesophase changes upon
introduction of the hydroxy groups, from a crystal-like By
phase to a SmCP phase (H 4¢ to OH 4c¢) and from a nematic
phase to an undulated SmCP phase (H 4b to OH 4b). In the
case of the 5-methoxy-substituted compound OH 4d, liquid-
crystalline behaviour was induced by introduction of the
hydroxy groups. The increase of the clearing temperatures by
the introduction of two ortho-hydroxy groups in compounds
OH 4 depends strongly on the pattern of substitution; compare

Beilstein J. Org. Chem. 2012, 8, 129-154.

compounds H 4a—d with OH 4a—d. The increase amounts to
69 K for the laterally nonsubstituted compounds H 4a/OH 4a,
but is reduced to 33 K for 4,6-dichloro-substituted compounds
(see Supporting Information File 1, Table S4).

The 4-bromoresorcinol derivative OH 4b (Z = 4-Br) is isomeric
to the 4-bromoisophthalic acid ester OH 3b. The texture of the
mesophase of compound OH 4b is quite different from that of
OH 3b. It shows spherolitic, lancetlike filaments and regions of
a growing Schlieren texture upon cooling the isotropic liquid
(Figure 13).

Figure 13: Compound OH 4b, exhibiting a fan-shaped texture together
with a Schlieren texture upon cooling of the isotropic liquid, T = 145 °C.

Table 4: Mesophase behaviour, transition temperatures (°C) and -enthalpies [kJ/mol] of compounds OH 4 (on the right) and corresponding com-

pounds H 4 (on the left).

0" "o
X
Cq2H250 R R OC12Hys5
Mesophase behaviour R=H 4 R =OH Mesophase behaviour PgC
Cr 124 (SmCPA  110) |  Hi4a H OH 4a [27] Cr 114 SmCPp 179 I 500
[73.4] 21 [21.1] [21.6]
Cr 88 N 95 |  H4b 4-Br OH 4b Cr 112 USmCPa 146 I 600
[37.3] [21.5] [18.0] [12.2]
Cr 125 (Bx 116)° | H4c 2-Me OH 4c Cr 148 SmCPp 171 I 640
[80.9] 21 [36.3] [22.1]
Cr 98 | H 4d 5-OMe OH 4d Cr 134 (SmCPA 127) I 590
[45.7] [73.2] [20.1]

@could not be found by calorimetric measurements due to crystallization.
bBy phase: Preliminary assignment as crystal-like phase.
Cin [nC/cm?]
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In addition, the X-ray patterns show significant differences in
the structures of the mesophases for both compounds. Partially
surface-aligned samples of OH 4b show additional very weak
X-ray reflections next to the first-order layer reflections
(Figure 14), which suggest a two-dimensionally modulated
electron density, i.e., an undulated or modulated layer structure
(layer spacing d = 4.5 nm). The position of the reflections
implies an oblique 2D lattice for this modulation, but only
partial alignment was achieved, and the very strong ringlike-
layer reflection affects the measurements of the other very weak
ones. Therefore, further quantitative conclusions are rather
speculative. One plausible interpretation of the data is given in
Supporting Information File 1, Figure S2.

The designation as a polar phase results from electro-optical
investigations. Two repolarization peaks per half period of an
applied triangular wave voltage are generated (Figure 15a). The
spontaneous polarization amounts to 600 nC/cm?2. The extinc-
tion crosses rotate clockwise (Figure 15b) or anticlockwise
(Figure 15d) depending upon the polarity of the electric field,
by an angle of about 20°. According to the electro-optical
switching behaviour and the results of the X-ray measurements,
the mesophase was assigned as a USmCP phase

The 2-methyl-substituted compound OH 4c¢ is isomeric with
OH 5b, which exhibits an interesting multistage switching [44].

Beilstein J. Org. Chem. 2012, 8, 129-154.

Figure 14: 2D X-ray diffraction pattern of a partially surface-aligned
sample of OH 4b at 115 °C (inset: Small angle region, the arrow points
to one of the additional non-layer reflections).

However, electro-optical studies on OH 4c¢ show two peaks in
the current response, as usually found for a SmCPp phase.

In compound OH 4d a methoxy group is attached at the top of
the central phenyl ring; this 5-position is often sterically
unfavourable for the formation of banana phases. Nevertheless,
a metastable SmCP phase was observed and investigated. The
growth of a fringe pattern typical for a SmCP phase can be seen
in Figure 16a.
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Figure 15: Switching behaviour of compound OH 4b at 120 °C: a) Current response curve (U = 116 Vp,, =40 Hz, T =120 °C, dce = 6 pm, Ps = 600
nC/cm?); b) tristable switching observed on circular domains applying a D.C. voltage (U =+ 40 V, T= 122 °C, dgey = 6 um).
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Figure 16: Compound OH 4d: a) Microphotograph of a growing fringe pattern of a SmCP phase upon cooling of the isotropic liquid; b) current
response curve showing antiferroelectric behaviour (U = 19 V/um, 20 Hz, deg = 6 um, Ps = 500 nC/cm?).

The current response shows two peaks per half period, which is
typical for an antiferroelectric switching. The spontaneous po-
larization amounts to 500 nC/cm? (Figure 16b). Action of an
electric D.C. field shows a transition from a striped, fan-shaped

texture to a smooth one (Figure 17).

The X-ray diffraction measurements on the monotropic liquid-
crystalline phase of OH 4d show the patterns of a tilted smectic
layer structure with a layer spacing of 4.3 nm and a 30° tilt of

the long molecular axes with respect to the layer normal
(Figure 18), from which an effective molecular length of Legr =
d/cos 0 = 5.0 nm results, which is significantly shorter than the
molecular length L., = 5.5 nm estimated by molecular models.
The difference may be caused by a deviation of the molecular
configuration from that assumed in the model calculations (e.g.,
by another bending angle or a high proportion of gauche
conformers), or by an interdigitation of the terminal chains (see
discussion for OH 4b in Supporting Information File 1).

Figure 17: Electro-optical behaviour observed on the fan-shaped texture of compound OH 4d; Up c =47 V; T=123 °C; a) -47 V; b) 0 V; c) +47 V.
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Figure 18: a) 2D X-ray diffraction pattern for a surface-aligned sample of OH 4d at 122 °C on cooling; b) x-scan for the outer diffuse scattering with

maxima at about 120 and 240° (/¢ = /(122 °C)/I(140 °C, isotropic liquid).
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The results of electro-optical, microscopic and X-ray diffrac-

tion studies prove the existence of a SmCP 4 phase.

Disalicylideneimine compounds OH 5 and
OH 6 bearing the azomethine groups
between the central phenyl ring and the
neighbouring rings

Synthesis of the compounds OH 5 and OH 6

The 1,3-phenylenediamine derivatives OH 5 and OH 6 were
prepared by condensation of the corresponding 1,3-phenylene-
diamines with 4-formyl-3-hydroxyphenyl 4-n-dodecyloxy-3-
substituted-benzoates 5 and 4-formyl-3-hydroxyphenyl 4-n-
dodecyloxycinnamate (9), respectively, as sketched in
Scheme 5. Compound 9 was obtained by esterification of 2,4-
dihydroxybenzaldehyde with 4-n-dodecyloxycinnamic acid,
under the same conditions as reported for the salicylaldehydes
S.

Mesophase behaviour of the compounds OH 5 and
OH 6

The influence of the pattern of substitution at the outer and/or
the central phenyl ring on the phase-transition temperatures and

Beilstein J. Org. Chem. 2012, 8, 129-154.

phase type of the compounds OH 5 and OH 6 can be seen from
Table 5. For comparison, corresponding compounds having the

same aromatic core but without the hydroxy groups are given.

The phase-transition behaviour shown in Table 5 demonstrates
the strong influence of the ortho-hydroxy groups on the
mesophase type and the mesophase stability. The comparison of
the compounds H Sa—g with OH 5a—g shows that in all cases
the clearing temperatures are increased by about 60 K or liquid-
crystalline behaviour is induced.

Compound OH 5a exhibits a very high melting point; the
occurrence of the metastable columnar phase is established by
means of typical textures only. It should be mentioned that the
Bg banana phase was first reported for short-chain members of
the homologous series of H Sa [52]. The effect of lateral
substituents X and Z is remarkable. Introduction of a methyl
group into the 2-position of the central phenyl ring of OH 5a
not only decreases the melting temperature by 54 K but also
increases the clearing point by 21 K for OH Sb. Additional
attachment of fluorine atoms at the outer phenyl rings increases
the smectic—isotropic phase-transition temperature again by
13 K for OH 5c. That means that the laterally substituted com-

H
8 I >
|
o OH HoN™ > “NH,
= EtOH, AcOH
X 5 x=cl tOH, AcO
5d X =Br z
> OH5a X=H,Z=H
U OH5b X=H,Z=2-Me
o) SN N 0 OH5c X=F,Z=2-Me
OH5d X=H, Z=4-Me
(6] OH HO (0] OH5e X=F,Z=H
CoHAO OCH OH5f X=Cl,Z=H
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Scheme 5: Reaction steps employed for the preparation of the compounds OH 5 and OH 6.
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Table 5: Mesophase behaviour, transition temperatures (°C) and enthalpies [kd/mol] of compounds OH 5 and OH 6 (on the right) and corresponding

compounds H 5 and H 6 (on the left).

C12H250

Mesophase behaviour R=H \%

Cr 120 (SmCP 114) | Hb5a[52] —
[48.9] [17.1]

Cr 128 | H 5b —
[26.2]

Cr 98 H 5d —
[58.0]

Cr 127 (SmCP 124) | Hb5e —
[75.1] [8.6]

Cr 116 (SmCP 108) | HS5f —
[74.1] [13.5]

Cr 79 SmCP 92 | Hb5g —
[14.1] [6.2]

Cr 146 H 6a HC=CH
[56.8]

Cr 136 N 140 | He6b HC=CH
[67.6] [0.5]

Cr 107 H 6¢c HC=CH
[40.8]

2Could not be found by calorimetric measurements due to crystallization.

pound OH 5S¢ exhibits a transition temperature to the isotropic
phase that is 34 K higher than the laterally unsubstituted parent

compound OH 5a. This is a really exciting result.

Upon shifting of the methyl groups of OH 5b from the 2-pos-
ition into the 4-position, the clearing temperature decreases by
67 K for the isomeric compound OH 5d. By cooling the
isotropic liquid of OH 5d, an intensive blue colour arises.
Furthermore, chiral domains of different handedness are visible
in the texture (Figure 19a and Figure 19b). Both appearances
could be a hint for a B4 banana phase [8,53,54]. X-ray patterns
show slightly broadened layer reflections (d = 4.0 nm) and addi-
tional weak and sharp reflections together with broadened ones
over the entire diffraction range (Figure 19¢), which are also
arguments for a By or another soft-crystal-like Bx phase of
OH 5d.

OC12H2s

X Z R =0OH Mesophase behaviour

H H OH 5a Cr 177 (Col 172) |
[45.2] 7

H 2-Me OH 5b [44] Cr 123 SmCP, 193 |
[71.2] [19.5]

F 2-Me OH5c Cr 105 SmCP, 206 |
[63.2] [20.4]

H 4-Me OHS5d Cr 97 Bx 126 |
[8.5] [32.1]

F H OH 5e Cr 179 usmC 186 |
[25.9] [26.7]

Cl H OH 5f Cr 165 usmCc 173 |
251 [22.2]

Br H OH 5¢g Cr 143 uUusmC 161 |
[17.6] [13.5]

H H OH 6a Cr 189  (SmCPA 183) |
[54.4] -2

H 2-Me OHG6b Cr 131 SmCP, 202 |
[74.1] [16.9]

H 4-Me OHé6c Cr 114 SmCP, 134 |
[23.4] [14.4]

The methyl-substituted compound OH 5b is of special interest.
The X-ray patterns of nonoriented samples show a strong
reflection in the small-angle region with a very weak second
order reflection and a diffuse scattering in the wide-angle region
indicating a simple layer structure without in-plane ordering.
The layer spacing of 3.8 nm is clearly smaller than the molec-
ular length L = 5.4 nm as estimated by commercial molecular
modelling software (Cerius 2) and thus from cosf = d/L = 3.8
nm/5.4 nm a tilt angle of about 45° was estimated. Such a tilt
angle explains the optical behaviour. Upon cooling of the
isotropic liquid, the SmCP phase occurs as nonbirefringent
black texture. After slight decrossing of the polarisers, however,
optically active domains become visible, as shown in
Figure 20a and Figure 20b. Under the action of an A.C. electric
field, nucleation of a birefringent texture starts, which coalesces

to a non-specific or broken fan-shaped texture (Figure 20c).
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Figure 19: Compound OH 5d: Optical photomicrographs of chiral domains at 122 °C; polariser and analyser are uncrossed by about a) —8° and b)

+8° from the 90° position; c) X-ray pattern of a powderlike sample at 110 °C.

This state of compound OH Sb exhibits an interesting current
response consisting of five or more peaks per half period
(Figure 20d).

Such a multistage switching is unique for bent-core compounds
and was reported by us some time ago [44]. This switching
cannot be explained by using a simple layer structure of the
SmCP phase. Therefore, a structure model for an intermediate
field-induced ferrielectric state was proposed [45]. In the
present work it is helpful to search for further bent-core com-
pounds exhibiting a multistage switching. Hence, the molecular
structure was changed in a stepwise manner. Starting from com-
pound OH 5b, the attachment of fluoro atoms on the outer rings
results in compound OH 5S¢, which also exhibits a SmCPy

phase. However, a two-peak current response typical of an anti-
ferroelectric switching is found. As mentioned above, com-
pound OH 5d isomeric with OH 5b, shows a crystal-like phase
only. That means that simple changes of the molecular struc-
ture can prevent the unusual multistage switching found for
OH 5b.

Substitution by fluorine, chlorine, and bromine atoms at both
outer phenyl rings of compound OH 5a results in OH 5e-g.
The following tendency of clearing temperatures is found:
X =H (172 °C), F (186 °C), C1 (173 °C), Br (161 °C). It is very
surprising that compound OH 5f, bearing two chlorine atoms in
lateral positions, exhibits mesophase stability similar to the
laterally unsubstituted parent compound OH Sa.

Eg st 8588
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o
(=]

time/s

Figure 20: Compound OH 5b: a), b) Chiral domains at 175 °C, 0 V, polarisers uncrossed by about +8° from the 90° position; c) birefringent texture
formed under an electric field (U = 100 Va ¢ ); d) current response (U = 158 Vy,, f=20 Hz, T =174 °C, dce = 6 pm).
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X-ray diffraction patterns for the halogen-substituted com-
pounds OH 5e-g show several sharp small-angle reflections
and a diffuse outer scattering (Figure 21). The sample of OH 5f
was partially surface-aligned and the diffraction angles of four
reflections were determined. Thus the reflections were indexed
to an oblique 2D lattice (for parameters see Table 6). In the
same way the small-angle reflections of the other two com-
pounds can be interpreted. Comparing the molecular volume
with the volume of a hypothetical 3D unit cell with a thickness
of 0.52 nm, corresponding to the assumed stacking distance of
the molecules in bending direction, the number of molecules in
the cross section of the unit cell, i.e., in the blocks of the modu-
lated structure, was calculated (see Table 6 and Supporting
Information File, Table S3). These structural parameters for the
liquid-crystalline phases of the three compounds closely
resemble each other. There are several packing models for the
molecules that fit these data, namely the undulated-layer model
(USmC phase), the broken-layer (columnar) model (Colgyy
phase), and the polarization-modulation model, and several
modes within these models depending on the direction of the
polarization between the layers, which cannot be decided based

Beilstein J. Org. Chem. 2012, 8, 129-154.

on our X-ray results [5,9]. Since no sufficient alignment of the
samples was achieved, the tilt angle of the molecules with

respect to the axes of the 2D lattice could not be determined.

Table 6: Structural parameters for the modulated-layer phases of com-
pounds OH 5e, 5f and 5g: Temperature, T (°C) on cooling, 2D lattice
parameters a, b (nm), and y (°), molecules in the cross section of the
unit cell nje.

Compound T a b Y Nic
OH 5e 177 140 49 116 22
OH 5f 158 148 45 112 21
OH 5g 150 170 44 112 24

In principle the appearance of spiral germs upon slow cooling
of the isotropic liquid of the compounds OH 5 hints at an undu-
lated smectic phase or a B; banana phase, see Figure 22a.
However, in the presence of an electric D.C. field, a texture
with chiral domains is observed, with a change in contrast seen
upon rotation of one polariser from the 90° position by several
degrees (Figure 22). Surprisingly, it was not possible to find a

Figure 21: X-ray diffraction patterns of compounds OH 5: a) Pattern of a powderlike sample of compound OH 5g at 150 °C on cooling (inset: small-
angle region); b) small-angle pattern of OH 5g showing the reciprocal 2D lattice and the indexing of the observed reflections; c) small-angle pattern of
a partially surface-aligned sample of compound OH 5f at 158 °C on cooling, showing the two preferred orientations of the reciprocal 2D lattice in the

sample and the indexing of the observed reflections.

)

Figure 22: Photomicrographs of compound OH 5f: a) Appearance of spiral filaments on slow cooling of the isotropic liquid at 171 °C; b), c) cooling
from the isotropic phase in the presence of an electric field of 15 V/um results in a texture with chiral domains, which are visible by rotation of one
polariser clockwise or anticlockwise by several degrees from the crossed position; T = 165 °C.
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current response typical for a polar banana phase. The birefrin-
gence of the sample changed depending on the power of the
electric field. Although the chemical structure and the molec-
ular shape suggest that the compounds might be capable of
forming banana phase(s), the polar character of the mesophases
could not be unambiguously determined. Therefore, the
mesophases of the compounds OH 5Se—g are designated as
USmC phases.

A further slight modification of the chemical structure of the
series OH 5 is the insertion of C=C groups between the outer
and the neighbouring phenyl rings, giving OH 6a—c. Of all
three hydroxy group-free compounds, H 6a—c, only the
2-methyl-substituted compound shows liquid-crystalline behav-
iour. A nematic phase is observed, which is very surprising for
this mesogen having a molecular shape characteristic of banana-
shaped liquid crystals. Although both legs of the bent-core
molecules are extended by the C=C units, the clearing tempera-
tures increase only by about 10 K. Introduction of a lateral
methyl group on the central phenyl ring drastically decreases
the melting temperatures. Therefore, broad SmCP phase ranges
exist for OH 6b and OH 6¢ in comparison to the laterally
unsubstituted derivative OH 6a. That also means that the
nematic phase of H 6b changes to a polar smectic phase in
OH 6b by insertion of the C=C units.

The mesophase behaviour of compound OH 6b is character-
istic for a SmCPp phase. On cooling, the isotropic liquid fringe
textures as well as Schlieren textures are observed. The current
response shows two peaks per half period (Figure 23). The
spontaneous polarization amounts to 220 nC/cm2. However,
notably, the multistage switching found for the corresponding
compound OH 5b disappears.
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Figure 23: Current response of compound OH 6b exhibiting two repo-
larisation peaks proving an antiferroelectric switching (Uac. = 15 V/
pum, =50 Hz, T =174 °C, dce = 6 um).
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By shifting the methyl group from the 2-position in OH 6b to
the 4-position of the central phenyl ring of compound OH 6c,
the clearing temperature decreases by 68 K. Nevertheless, an
enantiotropic mesophase exists and can be investigated. Micro-
scopic pictures show textures typical for SmCP phases
(Figure 24).

Figure 24: On cooling the isotropic liquid phase of compound OH 6c;
a Schlieren texture together with fringe pattern appears characteristic
for SmCPp phases.

Guinier X-ray patterns of a powderlike sample of OH 6¢ show
first and second order layer reflections and a diffuse outer scat-
tering indicating a smectic layer structure with a layer spacing
of 4.0 nm. Electro-optical studies of the mesophase of com-
pound OH 6¢ support the assignment as a SmCP4 phase.
Figure 25 shows the current response curve and microscopic
pictures, which demonstrate the switching between SmC,P 4 to
SmCPr upon application of a D.C. electric field.

Conclusion

The use of salicylideneaniline moieties in five-ring bent-core
mesogens is shown to be helpful in deriving the relationship
between the chemical structure and the mesophase behaviour.
Here, the effect of fluorine, chlorine, and bromine atoms later-
ally attached to the outer phenyl rings, the influence of the
hydroxy group in ortho-position to azomethine units, and the
effect of a methyl group situated at the central phenyl ring on
the liquid-crystalline behaviour and physical properties were
studied.

For most of the salicylideneaniline compounds synthesized, the
corresponding benzylideneaniline derivatives were prepared for
a comparative study. As expected, the clearing temperatures
generally increase due to the presence of the ortho-hydroxy
group. The increase amounts to about 30 K for mono-salicylide-
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Figure 25: Electro-optical behaviour of compound OH 6c: a) Current response (Ua.c. = 17 V/um, f=39 Hz, T=123 °C, dgg = 6 pm, Ps =
520 nC/cm2); c) 0 V, ground state SmMC4Pa; b) and d) formation of the SmCgPF phase upon application of a D.C. field of different sign: b) +7 V/um; d)

=7 Vium.

neaniline compounds OH 1 and OH 2, and can be up to 60 K
for the mesogens containing two salicylideneaniline moieties,
namely OH 4, OH 5, OH 6. As shown in Table 1-Table 5 and
Supporting Information File 1, Table S4, the definite increase of
the clearing temperature can be much lower depending on the
size of the molecules, the length of the terminal chains, and the
presence of further lateral substituents and their positions at the
different phenyl rings. More importantly, in many cases the
introduction of the hydroxy group induces liquid-crystalline
behaviour, which was not observed for the corresponding
benzylideneaniline compounds. There are other cases where the
type of mesophase also changed, for example from nematic to
SmCP, nematic to USmCP, Bx to SmCP, and SmCP to
columnar.

The influence of one halogen atom attached at the outer phenyl
rings was investigated in several nonsymmetric molecules. The
mono-halogen derivatives of three series are isomeric to each
other (OH 1b—c, OH 2e—g, OH 2h—j). All these compounds ex-
hibit SmCP phases. The lowering of the clearing temperatures
by a lateral fluorine, chlorine, or bromine atom is unexpectedly
low and nearly independent of the different chemical structure
of the aromatic cores of the compounds OH 1 and OH 2. For
example, the clearing temperatures of the isomeric mono-chlori-
nated compounds (OH 1b 140 °C; OH 2f 138 °C; OH 2i
135 °C) have nearly the same values as those of the corres-

ponding laterally unsubstituted compounds (OH 1a 142 °C;

OH 2a 136 °C) The replacement of the chlorine atom by the
larger bromine atom additionally decreases the clearing
temperatures by only 2—6 K.

Looking at the compounds OH 5e—g, which have two halogen
atoms, i.e., one halogen atom at each leg, the lowering of the
clearing points found for mono-halogen derivatives is approxi-
mately doubled. Nevertheless, the effect of lateral halogen
atoms on the mesophase stability is much lower for the salicyli-
deneanilines under study, as reported for comparable deriva-
tives in the original banana series. There, in dependence on
further substituents at the central phenyl ring, the clearing
temperatures of corresponding terminally dodecyloxy-substi-
tuted derivatives decreased by the introduction of chlorine
atoms, by 18-34 K. For related octyloxy-substituted homo-
logues the effect was much stronger [55,56]. The reason for
such differences found in different series of bent-core meso-
gens is not clear up to now.

Comparing the compounds OH 5a—c, an unusually strong
increase of the mesophase stability caused by lateral
substituents was found. In comparison to the salicylideneimine-
based compound OH 5a (clp 172 °C), the clearing point of the
2-methyl-substituted compound OH 5b increases to 193 °C;
compound OH 5S¢ having additional fluorine atoms at the outer
phenyl rings exhibits a SmCP-isotropic phase-transition
temperature of 206 °C.
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In relation to this it should be mentioned that the cinnamic ester
H 6b, having a methyl group in the same position, exhibits a
nematic phase. The formation of nematic and nonpolar smectic
phases by bent-core mesogens can be explained by flexible
molecular fragments, and especially by a bending angle clearly
above 120° [57]. Such molecules have a more rodlike shape,
and therefore “calamitic phases” can be formed. The
4-bromoresorcinol derivative H 3¢ also shows a nematic phase.
It is known from NMR studies of other related bent-core meso-
gens that halogen atoms in the 4-position extend the bending
angle to about 135°, and hence this would explain the nematic
phase in compound H 3c. The influence of a methyl group in
the 2-position of the central phenyl ring on the bending angle of
bent-core mesogens depends on the chemical structure and on
the direction of the linking groups, which connect both molec-
ular legs to the central phenyl ring, as we know from solid state
NMR studies. For 2-methylresorcinol bisbenzoates, for
example, the bending angle amounts to about 120° [58]. In
contrast, for isomeric diphenyl 2-methylisophthalates the
bending angle is extended to about 145° [59]. Transferring this
knowledge to the methyl-substituted compound H 6b would
mean that the existence of a nematic phase strongly hints at a
bending angle larger than 120°. However, the evidence can only
be delivered by NMR studies of the liquid-crystalline state.

The electro-optical behaviour of the salicylideneaniline com-
pounds can change in comparison to that of the corresponding
compounds without a hydroxy group. Upon action of an elec-
tric field on a SmCP phase, the tilted molecules can rotate on a
cone or can rotate about their long axis. Only the latter move-
ment changes the chirality of the layers. In a few cases both
molecular processes have been observed for the same material,
in dependence on the frequency, temperature and/or the field
[48,50,51]. For compound H 1a both molecular movements
exist depending on how rapidly the electric field is removed.
This interesting behaviour disappears in compound OH 1a by
the substitution with an ortho-hydroxy group.

A further motivation for the present work was the exciting
multistage switching reported for the 2-methyl-substituted com-
pound OH 5b (and for two longer-chain homologues) bearing
two salicylidene legs [44]. Therefore, the chemical structure of
this molecule was varied step by step. Liquid-crystalline behav-
iour was not observed for the corresponding compound without
an ortho-hydroxy group, H 5b. In compound OH 4¢ only the
COO and CH=N linking groups are exchanged in comparison to
the isomeric compound OH 5b; however, the characteristic
electro-optical behaviour of a SmCP, phase was found.
Furthermore, the chemical structure of compound OH Sb was
varied by substitution with fluorine atoms at the outer phenyl

rings (OH Sc), by shifting the methyl group to the 4-position of
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the central phenyl ring (OH 5d), by insertion of C=C units
(OH 6b and OH 6c¢) and by preparation of a corresponding
compound having only one salicylideneaniline moiety together
with a methyl group in the 2-position (OH 2¢). Unfortunately,
the creation of new compounds exhibiting a multistage
switching was not successful.

The studies on the influence of lateral halogen atoms, and also
of a lateral methyl group, on the mesophase behaviour and
further physical properties of salicylideneimine-based bent-core
mesogens show that the relationships strongly differ from those
reported for calamitic liquid crystals, and that they also vary in
comparison to other similar five-ring bent-core mesogens.

Experimental

The thermal transition behaviour was investigated by using a
Perkin Elmer DSC Pyris 1 differential scanning calorimeter.
Texture observations of liquid-crystal films sandwiched
between two glass plates were carried out with a Leitz polar-
izing microscope (Laborlux 12 Pol S, Germany). For the
electro-optical measurements we used commercial sandwich
cells (E.H.C., Japan) with thickness of 6 um, having a rubbed
polyimide coating for planar surface alignment. The cells were
observed in transmission by using a Leica (DMRXP, Germany)
polarizing microscope equipped with a digital camera (Nikon
Coolpix 4500, Japan). The cells are mounted on a heating stage
(Linkam LTS 350, UK, and Mettler FP82HT and FP90, UK) for
temperature control. The magnitude of the spontaneous polar-
ization was measured by integrating the polarization-reversal
current peak obtained by switching the sample with a triangular
electric field.

X-ray diffraction measurements on powderlike samples in glass
capillaries kept in a temperature-controlled heating stage were
performed by using a Guinier film camera (Huber Diffraktions-
technik GmbH) and quartz-monochromatized Cu Ka radiation.
2D diffraction patterns were recorded on an area detector (HI-
Star, Siemens/Bruker) from Ni-filtered Cu Ko radiation.
Surface aligned fibrelike disordered samples were obtained by
slowly cooling a drop of the isotropic liquid placed on a glass
plate on a temperature-controlled heating stage.

Reaction pathways to prepare the final compounds OH 1-6 are
sketched in Scheme 2—Scheme 5.

Generally, all compounds H1-H6, which do not bear the ortho-
hydroxy group, were prepared by following the same reaction
pathways sketched in Scheme 2—Scheme 5, but instead of the
salicylidene intermediates the corresponding benzylidene inter-
mediates were used. Further details are given in Supporting

Information File 1.
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Supporting Information

Supporting Information File 1

Schematic presentation of the SmC,P 5 phase, additional
X-ray data, mesophase behaviour of selected compounds
and synthesis of compounds (experimental procedures and
analytical data).
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-15-S1.pdf]
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The chirality transfer in liquid crystals induced by two helical perylenequinones (namely, the natural compounds cercosporin and

phleichrome) was investigated by integrating measurements of helical twisting power with a conformational analysis by DFT calcu-

lations and with the prediction of their twisting ability by the surface-chirality method. The two quasi-enantiomeric derivatives in-

duce oppositely handed cholesteric phases when introduced as dopants in nematic solvents. We evaluated the role of the different

conformations of the chiral hydroxyalkyl side chains in determining the helical twisting power: They were found to affect the

strength of the chirality transfer, although the handedness of the induced cholesteric phase is essentially determined by the axial

chirality (helicity) of the core of the perylenequinones.

Introduction

The phenomenon of chiral induction in nematic mesophases has
been known for a long time [1]. By addition of a chiral
nonracemic compound, a nematic liquid crystal is transformed
into a chiral nematic (or cholesteric) phase. Here the director,

i.e., the local alignment direction, rotates in space in helical

way, along a perpendicular axis [2,3]. The handedness of this
helix reflects the configuration of the dopant: Enantiomers in-
duce oppositely handed cholesterics. Only in the last few
decades has the generation of cholesteric liquid crystals and the

amplification of the molecular chirality observed upon doping
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nematic phases with chiral derivatives attracted great interest in
the field of material science [3,4]. In this context, one of the
major research lines focuses on the investigation of the chirality
transfer between “shape persistent” dopants and nematic
solvents [2,5-11]. Thus, the chirality amplification from the
molecular to mesophase level can be exploited for the determi-
nation of the absolute configuration [2,3,5,6,12-24]. In fact, this
technique has been fruitfully applied to different classes of
systems, possessing either stereogenic centers or axial chirality.

In this work, chirality induction in liquid crystals has been used
for a structural study of helical perylenequinones. This is an
important family of natural products, characterized by the pres-
ence of a helical chiral conjugated pentacyclic core [25]. These
systems have attracted considerable attention due to their photo-
sensitizing properties and their phytotoxic activity. Another
reason for the interest in perylenequinones is their peculiar
structural properties, which require special strategies for the
complete structural determination. In particular we have
focused on the two helical perylenequinones, cercosporin (1),
[26] and phleichrome (2) [27], shown in Figure 1. They have
the same stereochemical features: Two bulky methoxy groups
or a strained seven-membered ring in positions 6 and 7, two
side chains in positions 1 and 12 and a nonplanar helical shape.
The helicity generates axial chirality, which, when associated
with the presence of asymmetrically substituted carbon atoms in
the side chains, gives rise to diastereoisomerism. Cercosporin
and phleichrome are characterized by a special coupling
between conformation and configuration: The conformational
preferences of the side chains in the “1-12 bay region” are crit-
ical for the generation of the helical structure. X-ray crystallog-
raphy established the R,R configuration at C14 and C17 of
cercosporin (1) and the sign of the axial chirality as M [26,28].
Phleichrome (2) features opposite chirality, having P axial
chirality and S,S configuration at C14 and C17 [27].

1 (14RATR)

2 (14S,175)

Figure 1: Chemical structure of the helical perylenequinones under
investigation: Cercosporin (1) and phleichrome (2).

The ring substituents give 1 and 2 a limited, though non-negli-

gible conformational freedom. To understand the relation
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between molecular structure and chiral induction in liquid crys-
tals, we integrated measurements of helical twisting power
(HTP) with a conformational analysis, performed by density
functional theory (DFT) calculations, and with the prediction of
the twisting ability of conformers, by the surface chirality (SC)
method [29].

Results and Discussion

HTP measurement
The propensity of a dopant to induce a helical organization in
the liquid-crystalline matrix is measured by its helical twisting
power, which is defined as

HTP = lim (p ¢ r)_1

c—0

where p is the helical pitch (in um) of the cholesteric phase, and
¢ and r are the concentration (molar fraction) and the enan-
tiomeric excess of the dopant, respectively. The sign of HTP is
taken as positive or negative if the induced cholesteric is right-
or left-handed, respectively. The HTP of 1 and 2 was measured
in the liquid-crystal mixture E7 [30] at a temperature of 298 K.
The values —12 pm™! and +54 um™! were obtained for 1 and 2,
respectively. The opposite sign observed for the two com-
pounds clearly reflects their opposite configuration. The hand-
edness of the induced cholesterics is that which is expected for
helicoidal disc-like dopants, as binaphthyl derivatives [20] and
helicene-like molecules [22,24], i.e., left-handed for the M and
right-handed for the P molecular helicity. In view of the similar
molecular shape of 1 and 2, the difference between the absolute
values of their HTP is somewhat surprising. As a possible ex-
planation for this difference we can devise a different con-
formation of the aromatic core in the two compounds or a
different arrangement of the substituents, in particular of the
chiral hydroxyalkyl side chains (henceforth “the side chains”).
To explore this issue we performed a computational study at
different levels: Single-molecule DFT calculations were carried
out to evaluate energy and geometry of all the conformers of 1
and 2, and the SC method was used to estimate their twisting
ability.

Conformational analysis by DFT

For each of the side chains in position 1 and 12 of cercosporin
and phleichrome, three conformational states are possible,
which are shown in Figure 2, where the same notation as in [31]
is used. This makes a total of six conformers for each molecule,
which are labeled according to the state of each side chain; thus,
for instance, g* ¢ is a conformer with one chain in the gauche®
and the other in the #rans state. The conformers with side chains
in different states are two-fold degenerate: g* t (= tg*), g" g~

(=g ghandg 1(=1g").
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Me Me Me
H'3 pro R H"®proS H”’prosjggic1 C1:$£H13 proR
OH:$:H14 OH™TH™  OH™STHM
c! H® pro R H' pros
trans (t) gauche* (g*) gauche™(g~)

Me Me Me
H‘3pro/§’:$:H13 proS H“‘pros:$:c1 C1Q;ZH13 proR
H14 OH H14 OH H14 OH

c! H®%pro R H® pros
trans (t) gauche* (g*) gauche™(g~)

Figure 2: Newman projections of the conformational states of the side
chain linked at C1 of cercosporin (1), with 14R configuration (top), and
of phleichrome (2), with 14S configuration (bottom). Analogous states
exist for the other chain, linked at C12.

For the conformational study, we used DFT calculations in
vacuum as implemented in the Gaussian suite of programs
[32,33]. We selected the hybrid functional B3LYP [34] with the
6-31g(d,p) basis set, which is a standard choice and is rela-
tively inexpensive from the computational point of view. Then,
considering that dispersive interactions between the side chains
and the aromatic ring could be crucial for the systems under
investigation, further calculations were carried out with the
functional M06-2X [35], which was developed recently to
provide a better description of nonlocal electronic correlation
with respect to standard functionals. In this case the more
demanding 6-31g+(d,p) basis set was used. Geometry optimiza-
tion of all the conformers of 1 and 2 was carried out. In the
starting configurations, the methoxy substituents were taken
always in the same orientation, which was found to be only
slightly modified in the optimized geometry. The C—O—C bonds
of the methoxy groups in the “6,7-bay region” of 2 lie in the
plane of the adjacent aromatic ring, in agreement with the
torsional potential of anisole [36]. For steric reasons, a planar
arrangement is not possible for the methoxy substituents at the 2
and 11 positions. In general, two orientations are allowed for
each methoxy group, with torsional angles in the ranges

Beilstein J. Org. Chem. 2012, 8, 155-163.

+(110°-145°) (p states) and —(110°-145°) (m states). Thus, we
can distinguish four different states of the methoxy groups,
labelled as (m,m), (m,p), (p,m) and (p,p). To limit the computa-
tional cost, we only considered the (p,p) states. This is the state
found in one of the available X-ray structures of cercosporin
[26], whereas the other structure has the methoxy groups in the
(m,p) state [28].

Our calculations confirm that the “propeller” form, found in
X-ray structures of 1 [26,28], is significantly more stable than
the other, called “double butterfly” by Falk and co-workers
[37]. The two geometries, as obtained for the g* g* conformer
of 1, are shown in Figure 3. Table 1 reports the twist angles y;
[C(1)-C(12b)-C(12a)-C(12)] and yx, [C(6)—-C(6a)-C(6b)-C(7)],
which characterize the helical shape of the core of 1 and 2. Not
surprisingly, in view of the opposite configuration, the twist
angles of the propeller form of 1 and 2 have opposite signs. We
have found that x; and y, have a weak dependence on the side
chain conformation. Our results are in good agreement with
X-ray data for cercosporin [26,28], whereas for phleichrome no
structural data are available. However, the prediction that y; ~
%2 ~ 30° appears reasonable for 2, considering that the narrower

Figure 3: “Propeller” (left) and “double butterfly” geometry (right) of the
g+ g" conformer of 1, as obtained by geometry optimization by DFT at
the M06-2X/6-31+g(d,p) level [33].

Table 1: Twist angles for 1 and 2, as obtained by DFT geometry optimization and by crystallography. The “propeller” form is considered, unless other-

wise specified (the symbol db denotes the “double butterfly” geometry).

compound method
1a DFT-B3LYP/6-31g(d,p)
DFT/M06-2X/6-31+g(d,p)
1 (db)P DFT/M06-2X/6-31+g(d,p)
12 X-ray [28]
X-ray [26]
2b DFT-B3LYP/6-31g(d,p)

DFT/M06-2X/6-31+g(d,p)

arange of angles for six side-chain conformers; Pg*g* conformer.

x1 (%) X2 (°)
-30.0 to -30.9 -11.8to -12.6
-29.0 to -29.7 -13.1t0 -12.0
-26.4 18.1
-29.8 -9.2
-27.4 -9.9
32.41034.0 30.8t0 31.6
32.0 to 33.1 29.6t0 30.3

157



y1 angle in cercosporin is a consequence of the constraints
imposed by the bridge in the “6,7-bay region”.

In view of their higher stability, only conformers in the
propeller form were considered in our systematic analysis of the
effects of side-chain conformations. Very similar structures
were obtained by geometry optimization at the B3LYP/6-
31g(d,p) and at the M06-2X/6-31+g(d,p) level; the latter are
shown in Figure 4. On the contrary, the conformer energies
were found to depend strongly on the level of calculation, as
shown in Table 2. Significant differences between conformers

Beilstein J. Org. Chem. 2012, 8, 155-163.

were predicted at the B3LYP/6-31g(d,p) level: The ¢ ¢ was
strongly preferred and either g~ or g* states were found to have
a highly destabilizing effect for 1 and 2, respectively. Much
smaller differences in conformer stability were obtained at the
MO06-2X level. To check whether the discrepancies between the
two kinds of calculations were mainly due to the functional or
due to the basis set, we also performed a few calculations for 2
at the B3LYP/6-31+g(d,p) level. With the new basis we found a
significant decrease of the energy differences between
conformers, which points to an important role of diffuse

functions.

Figure 4: Optimized geometry of all conformers of 1 (upper half) and 2 (lower half), obtained at the DFT/M06-2X/6-31+g(d,p) level [33]. Superim-
posed on each structure, the principal axes (x,y,z) of the Saupe matrix calculated by the SC method [29] are shown. The reference frame is defined in
such a way that the z and y axes have the highest tendency to lie parallel and perpendicular to the director, respectively.
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Table 2: Energy of the conformers of 1 and 2, obtained by geometry
optimization by DFT at the (a) B3LYP/6-31g(d,p) and (b) M06-2X/6-
31+g(d,p) level of the theory. Within each set, the most stable
conformer is taken as the reference (E = 0).

conformer E1(a) E1(b) conformer E2(a) E2(b)
[kd/mol] [kJ/mol] [kd/mol] [kJ/mol]
g'gt 7.7 0.3 g9 9.8 0
ght 4.7 0.8 gt 5.3 1.4
tt 0 0 tt 0 0.1
gtg 13.3 3.2 g g 16.4 3.6
gt 9.6 25 gt 10.8 1.8
g9 18.2 34 gtg* 22.5 6.8

Although the conformer population is not directly accessible,
we can try to analyze our results in the light of experimental
data. Of the two X-ray structures of cercosporin reported in the
literature, one has the side chains in the g* g* [28] and the other
in the g~ g conformation [26]. These do not appear to be
compatible with the strong preference for the trans state
predicted by B3LYP calculations, but the conformational pref-
erences in crystals might be biased by the environment. More
suitable information on the molecular conformation in solution
can be obtained from NMR-NOE experiments [31]; however,
these do not provide the population of each single conformer
but only the overall probability of ¢, g" and g~ states around
bonds C(13)-C(14) and C(16)-C(17). For ease of comparison,
we have collected these probabilities for compounds 1 and 2 in
Table 3, together with estimates based on our DFT calculations.
Experimentally, a preference for gauche™ (for 1) and gauche™
(for 2) was inferred. This is in strong contrast with our B3LYP
predictions. The M06-2X results are closer to the experimental
data, although non-negligible differences appear: For 1 the
contribution of gauche” states is underestimated, mainly at the
expense of the gauche™ states, and the discrepancies are even
larger for 2, which is predicted to have a prevalence of trans
states, whereas experimentally a net prevalence of gauche™
states was found. A possible reason for the lack of agreement
between theory and experiment is the fact that calculations were
performed in vacuum, whereas experiments were carried out in
acetone. According to our calculations, the conformers of
phleichrome (2) would have higher dipole moment than those
of cercosporin (1), therefore 2 should be more sensitive to
solvent polarity (acetone has a dielectric constant of about 20 at

room temperature).

HTP predictions by the SC method

Within the SC approach, the HTP of a chiral dopant in a
nematic solvent is proportional to the so-called chirality para-
meter O, which is defined in terms of the helicity of the molec-

ular surface and the orientational order of the dopant [29]. The
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Table 3: Probability of the three conformational states around bonds
C(13)-C(14) and C(16)—C(17) for compounds 1 and 2, as obtained by
our DFT calculations and by NOE experiments [31].

compound method probability
trans gauche* gauche™
1 B3LYP/6-31g(d,p) 0.84 0.14 0.02
1 MO06-2X/6-31+g(d,p) 0.37 0.40 0.23
1 NOE [19] 0.35 0.53 0.15
2 B3LYP/6-31g(d,p) 0.87 0.01 0.12
2 MO06-2X/6-31+g(d,p) 0.42 0.23 0.35
2 NOE [31] 0.34 0.13 0.58

proportionality factor between HTP and O depends on the
macroscopic properties of the host. Therefore, it is the same for
different dopants in the same host; typical values of this factor
are about 2-3 [2].

We calculated the chirality parameter Q of the conformers of 1
and 2, using the molecular geometries obtained by DFT, with
either the B3LYP or the M06-2X functional. The results are
shown in Figure 5, together with the probability distribution of
conformers. We can see in the figure that the side-chain con-
formation can significantly affect the chirality parameter. For
the sake of comparison, we calculated also the chirality para-
meter of the bare cores, obtaining Q = —7-1073 nm? for 1 and
Q0 =+9:1073 nm? for 2. These opposite values are in line with
the fact that the two cores are almost the mirror image of each
other. In fact, we can see in Figure 5 that the same relation
remains for the whole molecules: The Q value predicted for a
given conformer of 1 is close in magnitude to the Q value for
the conformer of 2 that is nearly its mirror image, but opposite
in sign. The magnitude of Q for the cores lies within the values
obtained for the various conformers of the whole molecule:
Depending on their orientation, side chains were found to either
enhance or weaken the twisting ability of the core. The sign of
the chirality parameter Q can be easily explained on the basis of
the chirality and the orientational behavior of the two
perylenequinones. All conformers are predicted to preferen-
tially orient with the normal to the aromatic rings lying perpen-
dicular to the nematic director, and with some preference for
aligning to the director their z axis, whose direction in the mole-
cule slightly depends on the chain conformation (Figure 4).
Thus they convey to the phase the molecular helicity along the
molecular y axis (perpendicular to the aromatic rings), which
is left-handed for cercosporin (1) and right-handed for
phleichrome (2).

It is worth remarking that the results shown in Figure 5 were

obtained for the six structures, differing in the conformation of
the side chains at positions 1 and 12, and all having the

159



. . — 40
e
g‘ . ] zomc
_Q 1
* o
§ TS =
a S
1o
— -
gtg+t gtt tt gtg- gt g g
conformer
: : : : : : 40
0.3
(')A
>
=021 {20 E
< ?
© o
o) ~
S z
G801 &/
0

gtgt gtt tt gtg- gt gg-
conformer
0.4— . . . , — 40
0.3 .
[e]
2 j20 E
= 02 N
Q U.Z+
© 2
o TS Z
3 ?
0.1
0

gtg+t g+t

tt gtg- gt

conformer

g9

Beilstein J. Org. Chem. 2012, 8, 155-163.

081 , . . . — 40
*
0.6 -
b mE
2 L 2 ] 20mr__
So4] o
o Z
0.2 P'S 1o
0.0 : . .
g-g- gt tt gtg gtt gtgt
conformer
’ ; . ’ . — 40
0.3
>
= 0.2
QO
©
o)
o
Q 0.1

0.0-
g9 gt tt  gtg- g+t gtg*
conformer
0.4 — . ; ’ . — 40
0.3
«)/'\
2 20 €
'go.z- ?
Q =
9 ~—
S 0.1 ¢ C
1o
0.0
gg- gt tt gtg gtt gtgt
conformer

Figure 5: Chirality parameter Q (diamonds) and probability distribution (bars), calculated for all conformers of 1, on the left, and 2, on the right.
Conformer geometry and energy were obtained by DFT calculations at the B3LYP/6-31g(d,p) (top) and the M06-2X/6-31+g(d,p) level (middle). The
plots on the bottom report the Q values obtained with the geometry calculated at the M06-2X/6-31+g(d,p) level, along with conformer probability distri-
butions inferred from NOE measurements [31]. Stars represent the Q values calculated for the X-ray structures of 1 [26,28]. For ease of comparison,

the values are reported as the negative of Q for 1.

methoxy substituents in the (p,p) state. Explorative calculations,
at the M06-2X/6-31+g(d,p) level, were performed for selected
conformers of 2, with the methoxy substituents in (m,m), (m,p)
and (p,m) states. It was found that the state of the methoxy
groups can affect the relative energy (up to a couple of kJ/mol)
and, to a lesser extent, the Q parameter differences between
conformers; however, it does not dramatically modify the trend
reported in Figure 5 (middle).

We have also shown in Figure 5 (left) the O values calculated
for the available X-ray structures of cercosporin [26,28]. The

differences from the results reported for structures obtained by
DFT, with the same conformation of the side chains, derive
from relatively small changes in the molecular geometry.

Table 4 reports the HTP values measured for 1 and 2, along
with the Q values, calculated for the two compounds by aver-
aging over all conformers (see Experimental). Negative and
positive helical twisting power are predicted for 1 and for 2, res-
pectively, in agreement with experiments. However, the O pa-
rameters do not scale with the measured HTPs: Whereas the
absolute value of the HTP of phleichrome is about four times as
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big as that of cercosporin, the Q value calculated for 2 is
smaller than that of 1. We supposed that the main reason for
these differences could be the unsatisfactory conformer distrib-
utions, which were used to calculate the average chirality pa-
rameters. Thus, on moving from the distributions derived from
B3LYP to those from M06-2X calculations, the ratio between
the absolute values of Q for 1 and 2 decreases, and a further
decrease can be seen when the NOE probabilities are used.
However, this ratio remains far from the experimental value,
due to an overestimate of the magnitude of the chirality para-
meter Q for cercosporin (1).

Table 4: Chirality parameter Q, calculated for compounds 1 and 2 by
averaging over conformers. Conformer geometry and probabilities
obtained by DFT calculations were used, unless otherwise specified. In
the last column the HTPs measured in the nematic phase E7 are
reported.

compound method Q1073 nm?®  HTP/um™’
1 B3LYP/6-31g(d,p) -7
1 MO06-2X/6-31+g(d,p) -15 -12
1 NOE? [31] -19
2 B3LYP/6-31g(d,p) 2
2 MO06-2X/6-31+g(d,p) 11 +54
2 NOE2 [19] 17

aConformer geometries obtained by DFT/M06-2X/6-31+g(d,p) calcula-
tions and distribution derived from NOE experiments.

A possible origin of the lower twisting ability of 1 in compari-
son to 2, found in experiments, could be atropisomerization. As
a consequence of this process, the sample would contain both
cercosporin and its atropisomer. Whereas the former induces a
left-handed twist of the nematic director, the latter, having P
axial chirality, is expected to induce a twist in the opposite
sense, with the net effect of lowering the HTP of this dopant.
Although atropisomerization is known as a very slow process,
our hypothesis is supported by the finding that its rate is signifi-

cantly higher for cercosporin than for phleichrome [31].

Conclusion

We have performed HTP measurements, showing that the
natural products cercosporin (1) and phleichrome (2) induce a
left-handed and right-handed twist of the nematic director, res-
pectively. This is exactly what is expected for molecules with
fused aromatic rings arranged in a helical fashion, having M and
P helicity, respectively. Thus chirality induction in liquid crys-
tals appears to be a suitable technique to determine the axial
configuration of perylenequinones.

The integration of experiments with the results of calculations

at different levels has allowed us to gain an insight into the con-

Beilstein J. Org. Chem. 2012, 8, 155-163.

formational preferences of the systems under investigation and
into the role of configuration and conformation in determining
their twisting ability. We have evaluated the contribution of
molecular structures, differing in the conformation of the chiral
hydroxyalkyl chains, to the twisting ability of compounds 1 and
2. Comparing the behavior of these molecules to that of their
bare aromatic cores, we have shown that the substituents,
although they do not change the sign of the HTP, affect its

magnitude.

Our study has evidenced the difficulty of obtaining reliable esti-
mates of the conformational distribution of the perilenequinones
by DFT calculations in vacuum and the extreme sensitivity of
the results to the choice of the functional and the basis set. In
particular, the B3LYP/6-31g(d,p) level was found to be fully
inadequate to account for the relative stability of the
conformers. Better results were obtained by using M06-2X, a
recently developed functional that is more suitable for the treat-
ment of dispersion interactions, and by augmenting the basis set
with diffuse functions.

Experimental

Helical twisting power measurement

Cholesteric pitch and handedness were obtained at 7= 298 K
by using the lens version of the Grandjean—Cano method
[38,39]. The commercially available (Merck) nematic solvent
E7 (nematic—isotropic transition temperature 7y ~ 330 K) is
composed of a eutectic mixture of cyanobiphenyl and terphenyl
compounds [30].

DFT calculations

Atomic coordinates and energy of the conformers of 1 and 2
were obtained by geometry optimization in vacuum, by using
DEFT at the B3LYP/6-31g(d,p) [32] and M06-2X/6-31+g(d,p)
levels [33]. In each case, the starting geometry was defined by
suitably adjusting the conformation of the methoxy groups and
of the hydroxyalkyl side chains.

SC calculations
The chirality parameter Q of a given conformer is defined as

0=-+2/3(04Syx +0,,8,, +0..5..)

where §;; is the ith cartesian component of the Saupe ordering
matrix, which specifies the degree of alignment of the ith
molecular axis to the local director, and Q;; quantifies the
helicity of the molecular surface, as viewed along the same axis.
The Saupe matrix § and the surface chirality tensor Q of single
conformers were calculated as explained in [40], giving the
parameter &, which quantifies the orienting strength of the

medium, the value 2.5 nm 2.
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The molecular surface, needed to calculate the § and Q tensors,
was generated on the basis of atomic coordinates by using the
program MSMS [41]. We assumed the following set of van der
Waals radii: 7= 0.1 nm, rp=0.15 nm and ¢ = 0.185 nm [42],
along with a rolling sphere radius equal to 0.3 nm [40] and a

density of vertices equal to 500 nm™2.

The chirality parameter of a given compound Q, was calculated

as
0= ZngjQ(j)
J

where the sum is over all the conformers and g;, w; are the
degeneracy and the probability of each of them, respectively.
The probability is defined as

—E; /kgT
e i/*s Z;
w. =

J -E, kT
nge m/ B Zm
m

where kp is the Boltzmann constant, T is the temperature, E; is
the potential energy of the jth conformer, obtained by DFT
calculations in vacuum, and Z; is its orientational partition func-
tion. This accounts for the stabilization of the conformer in the
nematic environment and is defined as

-U:(Q)/kgT
Z‘:J'e /(@) dQ
J

where U;(Q) is the orientational potential experienced by a
dopant, in the orientation defined by the Euler angles Q, inside
the liquid-crystal phase [29,40].
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Phenylhydrazines 1 substituted with two or three long-chain alkyl, alkoxy or alkylsulfanyl groups were successfully prepared by

acid-induced removal of the Boc group in hydrazides 2. The reaction is carried out with 5 equivalents of TfOH in CF;CH,OH/

CH,Cl; at =40 °C for 1.5 min. Under these conditions, the deprotected hydrazine 1 is fully protonated, which increases its stability

in the reaction medium. The hydrazines were isolated in 60—-86% yields and purities >90%. The hydrazides 2 were obtained in

43-71% yields from aryl bromides 5, which were lithiated with ~-BuLi and subsequently reacted with di-tert-butyl azodicarboxy-

late (DTBAD).

Introduction

Mono-arylhydrazines I are important intermediates in the syn-
thesis of a number of heterocycles, including indoles [1] and
some azoles (for example [2,3]), many of which exhibit bio-
logical activity and are used in drug development [4-6]. Arylhy-
drazines are also key intermediates in the preparation of stable
radicals such as verdazyl [7-9] and benzo[1,2,4]triazinyls [10-
12].

The parent phenylhydrazine and many of its electron-deficient
derivatives, such as p-nitrophenylhydrazine, are stable under
ambient conditions and are conveniently obtained by using clas-

sical methods, such as the reduction of diazonium salts [13-15].

In contrast, electron-rich arylhydrazines are far less numerous
and their preparation is complicated by oxidative instability.

To access functionalized and sensitive arylhydrazines several
methods involving the deprotection of hydrazides II have been
developed (Figure 1). Hydrazides II are efficiently obtained by
the addition of organometallic reagents I1I, prepared from aryl
halide IV, to azodicarboxylate diesters (AD) [16,17]. Alter-
natively, II can be obtained in the Pd(0)- or Cu?™-catalyzed
reaction of arylboronic acid V to AD [18-20]. The latter method
is especially suited for arylhydrazides substituted with sensitive

functional groups. Protected electron-rich arylhydrazines,
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v n AD = ROOC-N=N-COOR
AD | M = Mg, Li, Zn
Ar—B(OH), Ar—N-NH-COOR _deprotection
v Pd(0) or Cu2* y COOR I
I R de+protection
A ;ﬁﬁ gﬁzccb gmNH4OAc

Vi

CHoCH,TMS F~

Figure 1: Selected methods for the preparation of arylhydrazines | through hydrazides II.

hydrazides 11, containing the 2,2,2-trichloroethyl group (R =
CH,CCl3) are conveniently prepared by direct electrophilic
amination of arenes VI with bis(2,2,2-trichloroethyl) azodicar-
boxylate (BTCEAD) under Lewis [21,22] or Brensted [23] acid

conditions.

By judicious choice of the substituent R, the removal of the
protecting group in II and formation of arylhydrazines I can be
accomplished under acidic (R = #-Bu) [16], reductive (R =
CH,CCl3) [24], or nearly neutral (R = CH,CH,TMS) condi-
tions [22,25]. Among the three methods, the most straightfor-
ward is the removal of the Boc group under acidic conditions.
Unfortunately, the literature method for deprotection (HCI in
isopropanol, 70 °C) has limited scope, and electron-rich 3,4-
dimethoxyphenylhydrazine could not be obtained under these
conditions, although 4-pentyloxyphenylhydrazine hydrochlo-
ride was isolated in 60% yield [16]. The controlled reduction of
2,2,2-trichloroethyl esters (II, R = CH,CCl3) with Zn in
aqueous MeOH containing NH4OAc gave access to a number
of small, electron-rich phenylhydrazines, including 3,4-
dimethoxyphenylhydrazine isolated in 76% yield as hydrochlo-
ride [24].

In the context of our research program in liquid-crystalline
verdazyl derivatives [26], we needed phenylhydrazines 1

a: X= OCgH17, Y=H
b: X = C10H21, Y=H
c:X=Y= SCGH13
d: X=Y =SCgHq7
1 eeX=Y= SCqoH21
. X=Y= SC12H25
X g: X =Y = OCgH47
h: X=Y= OC10H21

HN-NH,

Figure 2: The structures for hydrazines 1a—1h.

(Figure 2) substituted with multiple long-chain alkyl, alkoxy
and alkylsulfanyl groups. Here we demonstrate an efficient
method for the preparation of several hydrophobic di- and tri-
substituted phenylhydrazines in purities sufficient for further
chemical transformations. Finally, we demonstrate the applica-
tion of one of the phenylhydrazines for the preparation of a
discotic liquid crystal.

Results and Discussion

Our initial attempts at the preparation of 3,4-dioctyloxyphenyl-
hydrazine (1a) focused on deprotection of the trichloroethyl
ester 3a under buffered reductive conditions, according to the
general literature procedure [24]. In aqueous MeOH hydrazide
3a was practically insoluble, and the reaction mixture was
triphasic. Under these conditions no formation of hydrazine 1a
was observed. Changing MeOH to EtOH and increasing its
volume by two-fold gave homogenous solutions within which
the desired hydrazine 1a was formed along with significant
quantities of 4 as the major products (Scheme 1). The deamina-
tion product 4 was isolated and identified by comparison with
the authentic sample. The yield and proportions of the two
products, 1a and 4, varied from run to run, according to the
TH NMR spectra. Therefore, we focused on the acid-catalyzed
deprotection of Boc-substituted hydrazines (Scheme 2),
hydrazides 2, expecting that the reaction could be performed
under fully homogenous conditions.

Analysis of the reaction mechanism for the deprotection of 2
under acidic conditions shows that removal of the Boc group
generates -Bu*, which reacts with the solvent, or alternatively
it can alkylate the benzene ring of arylhydrazine (Scheme 2).
For less reactive arylhydrazines the former process is faster,
k1 << ky, and deprotection with HCI in iPrOH is effective [16].
For dialkoxyphenylhydrazines apparently k; >> k, and the
desired hydrazine is not obtained [16].
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CO,CH,CCl;
N-COZCHCCl N—NH-CO,CH,CCly
N NH-NH,
COQCHQCC|3 Zn, NH4OAC aq.
OCgHy; cat. CF4SO3H OCgHi7 EtOH CgH170 ' OCeH17
4 3a 1a 4

Scheme 1: Formation and deprotection of 3a under reductive conditions.
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Scheme 2: General mechanism for the deprotection of arylhydrazides.
G represents a substituent.

The nucleophilicity of the hydrazine can be suppressed by its
fast and complete protonation with a strong acid (Scheme 2). In
this situation, the transient -Bu” is trapped with the solvent,
forming volatile products, which simplifies isolation of the
hydrazine as a crude product. We have focused on this ap-
proach to arylhydrazines employing trifluoromethanesulfonic
acid (TfOH), which was used as an effective catalyst in the
deprotection of tert-butyl aryl ethers [27].

Addition of catalytic amounts of the TfOH acid (10 mol %) to
solutions of hydrazide 2a (Figure 3) in a mixture of
CF3CH,OH/CH,Cl, at —40 °C gave little conversion to
hydrazine 1a. With 1.5 equiv of TfOH, hydrazide 2a was only

COx-t-Bu
N-NH-CO,-t-Bu

CgH170
OCgH17
2a

Figure 3: Structure of hydrazide 2a.

partially converted to hydrazine 1a. With 5 equiv of TfOH the
reaction was complete in less than 2 min and the crude
hydrazine 1a was isolated as the sole product. Reaction times
under 2 min appear to be optimum; the purity of the hydrazine

decreased with increasing reaction times.

By using this protocol, hydrazines 1 were isolated as viscous
oils in purities >90% and yields of 60-86%, according to
'H NMR analysis with 1,4-dimethoxybenzene as the internal
standard (Scheme 3). Attempts at the preparation of crystalline
hydrochlorides of 1 were unsuccessful and the viscous salts
rapidly darkened and decomposed.

t-Bu-0,C. /ﬂ

B N~ “CO,-t-
' 1. t-BuLi CO-t-Bu
2. DTBAD
—_—
X Y X Y
X X
5 2
DTBAD CF3SO3H, 5 equiv
B(OH) / CF3CH,OH/CH,Cl,
Cu(OAc), cat. -40 °C, <2 min
OCgH17 NH
OCgHy7 HN 2
6a 1
X y 60-86%

X

Scheme 3: Synthesis of arylhydrazines 1. Substituents X and Y are
defined in Figure 2.

The Boc-protected arylhydrazines, hydrazides 2, were conve-
niently obtained by direct addition of aryllithium to di-tert-butyl
azodicarboxylate (DTBAD, Scheme 3). The latter was prepared
by lithiation of aryl bromides 5 with #-BuLi to avoid the forma-
tion of n-BuBr with n-BuLi and N-butylation of hydrazide 2.
Hydrazide 2a was also obtained by the Cu®"-catalyzed addition
[18] of arylboronic acid 6a [28] to DTBAD. The yields of both
syntheses of 2a were comparable.
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The trichloroethyl hydrazide 3a was prepared by acid-catalyzed
amination of 1,2-dioctyloxybenzene (4) with BTCEAD in the
presence of catalytic amounts of TfOH, according to a general
literature procedure [23] (Scheme 1).

The requisite bromobenzene 5a was prepared by bromination of
1,2-dioctyloxybenzene (4) [29] with CuBr, in MeCN according
to a literature method [30] (Scheme 4). This method is a con-
venient alternative to the alkylation of the less readily acces-
sible 4-bromocatechol (7) [28].

Br
HO
OH
7
C8H17Br
K,CO3
Br
CuBry
CgH470 MeCN CgH470
OCBH17 C)C8H17
5a 4

Scheme 4: Preparation of bromide 5a.

1-Bromo-3,4-didecylbenzene (Sb) was obtained by bro-
mination of 1,2-didecylbenzene (8) [31], obtained by the
Kumada method [32], with Br; in acetic anhydride (Scheme 5).
Typically, the electrophilic bromination of 1,2-dialkylbenzenes
results in 4,5-dibromo derivatives as the major products [33,34].
In contrast, the present method permits selective monobromina-
tion, although the bromo derivative 5b was isolated only in
about 85% purity. The product could not be purified rigorously
from several unidentified contaminants either by chromatog-
raphy or by distillation due to the lack of separation or partial
decomposition. Therefore, crude 5b was used for the prepar-
ation of hydrazide 2b, which was easily purified by chromato-
graphic methods.

The attempted monoiodination of 8 with BTMA-ICl, by using a
general literature method [35] gave only traces of the product
and nearly all of the starting material was recovered. lodination
under the Kern conditions [36,37] (HIO3/1,) gave a mixture of
mono- and diiodo derivatives, which were difficult to separate.
Manipulation of the reaction time and temperature failed to give

the desired monoiodo derivative as the major product.

Beilstein J. Org. Chem. 2012, 8, 275-282.

Cl
Cl
C10H21MgBr
Ni(dppp)Cl,
Br
BI'Q
C1oH21 Ac0 C1oH21
C1oH21 C1oH21
8 5b

Scheme 5: Preparation of 5b.

The preparation of bromobenzenes substituted with alkylsul-
fanyl groups, 5¢—5f, is described elsewhere [38]. Bromides 5g
[39,40] and 5h [41] were obtained according to the respective
literature procedures by alkylation of 5-bromopyrogallol.

The 3.,4,5-trialkylsulfanylphenylhydrazines 1c¢—1f have been
used in the preparation of 6-oxoverdazyl derivatives that ex-
hibit liquid-crystalline properties [26]. For instance, radical 9,
prepared from 1d (Figure 4), exhibits a monotropic columnar
rectangular phase (Cr 62 (Col; 60) 1), a broad absorption band
in the visible region, and redox potentials E¥*1,, = +0.99 V
and E%71;, = —0.45 V versus SCE. Photovoltaic studies of 9
demonstrated hole mobility p, = 1.52 x 1073 cm? Vs in the
mesophase with an activation energy E, = 0.06 £ 0.01 eV.

Conclusion

We have developed a synthetic protocol for the efficient prepar-
ation of electron-rich phenylhydrazines 1 substituted with alkyl-
sulfanyl, alkyl and alkoxy groups from Boc hydrazides 2.
Experiments demonstrate that the addition of hydrazides 2 to a
large excess of TfOH (5 equiv) at —40 °C gives hydrazines 1 in
yields ranging from 60-86% and with purity >90%, which is
sufficient for subsequent chemical transformations. The
optimum reaction time is less than 2 min, typically 90 sec, and
longer times lead to a lower purity of the product.

The presented method for the preparation of phenylhydrazines
is an attractive alternative to Leblanc’s method, which relies on
the reductive deprotection of trichloroethyl hydrazide 3 under
heterogenous conditions. Our method involves homogenous
solutions, low temperatures and short reaction times, and is
particularly suited to oleophilic (“greasy”) arylhydrazines such
as 1, which are important intermediates for the preparation of
verdazyls and other heterocycles that may exhibit, e.g., liquid-
crystalline properties (e.g., 9). In comparison with Leblanc’s

protocol, our method is also a regiocontrolled hydrazinylation
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Figure 4: The structure of verdazyl radical 9 and a texture of the Col, phase.

of the aromatics with the more accessible DTBAD through the
organolithium. Although we focus on long-chain-substituted
phenylhydrazines, we believe that this method can be used for
other electron-rich arylhydrazines.

Experimental

Reagents and solvents were obtained commercially. Reactions
were carried out under Ar. '"H NMR spectra were obtained at
400 MHz in CDClj3 and referenced to the solvent, unless speci-
fied otherwise.

Arylhydrazines 1

General procedure

A solution of hydrazide 2 (1 mmol) in a mixture of CH,Cl,
(3 mL)/CF3CH,0H (1 mL) was rapidly added to a solution of
TfOH (0.750 g, 0.44 mL, 5 mmol) in CF3CH,OH (1 mL) at
—40 °C under Ar. The mixture was stirred for 1.5 min, and
CH,Cl, (5 mL) followed by sat. NaHCO3 (10 mL) were added
under very vigorous stirring. The organic layer was separated
and the aqueous layer extracted (3 x CH,Cl,). Then the extracts
were dried (NaySOy4) and the solvents were evaporated to give
crude arylhydrazine 1 in purities typically >90% as a viscous,
yellow to orange oil that darkened upon standing. The quantitat-
ive analysis of the deprotection reaction was conducted with
0.2 mmol of 2 as described above. The yield of the hydrazines
was established by adding known quantities of 1,4-dimethoxy-
benzene (2.0 mL of 25 mM solution in CH,Cl,, 0.05 mmol) to
the CH,Cl, extract, evaporation of the resulting solution, and
integration of the low-field "H NMR signals.

3,4-Dioctyloxyphenylhydrazine (1a): '"H NMR (400 MHz,
CDCl3) 6 0.88 (t, J = 6.8 Hz, 6H), 1.26—-1.36 (m, 16H),
1.37-1.47 (m, 4H), 1.70-1.85 (m, 4H), 3.92 (t, J = 6.7 Hz, 2H),
3.96 (t,J = 6.7 Hz, 2H), 6.34 (dd, J; = 8.5 Hz, J, = 2.6 Hz, 1H),
6.46 (d, J = 2.6 Hz, 1H), 6.82 (d, J = 8.5 Hz, 1H); 'H NMR
(500 MHz, DMSO-dg) & 0.86 (t, J= 6.7 Hz, 6H), 1.20-1.36 (m,
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16H), 1.37-1.46 (m, 4H), 1.61 (quint, J = 7.0 Hz, 2H), 1.68
(quint, J = 6.9 Hz, 2H), 3.78 (t, J = 6.4 Hz, 2H), 3.87 (t, J = 6.3
Hz, 2H), 6.24 (dd, J; = 8.5 Hz, J, = 2.3 Hz, 1H), 6.47 (d, J =
2.3 Hz, 1H), 6.71 (d, J = 8.6 Hz, 1H).

3,4-Didecylphenylhydrazine (1b): 'H NMR (500 MHz,
CDCl3) 6 0.88 (t, J = 6.9 Hz, 6H), 1.22-1.40 (m, 28H),
1.47-1.58 (m, 4H), 2.51 (t, J = 7.0 Hz, 2H), 2.53 (t, /= 7.1 Hz,
2H), 2.6 (brs, 3H), 6.59-6.65 (m, 2H), 7.01 (d, J = 8.0 Hz, 1H).

3,4,5-Trihexylsulfanylphenylhydrazine (1¢): 'H NMR (400
MHz, CDCl3) 6 0.87 (t, J = 6.9 Hz, 3H), 0.89 (t, J = 6.8 Hz,
6H), 1.20-1.35 (m, 12H), 1.36-1.52 (m, 6H), 1.59 (quint, J =
7.5 Hz, 2H), 1.71 (quint, J = 7.4 Hz, 4H), 2.77 (t, J = 7.4 Hz,
2H), 2.83 (t, J = 7.3 Hz, 4H), 3.2 (brs, 3H), 6.41 (s, 2H).

3,4,5-Trioctylsulfanylphenylhydrazine (1d): "H NMR (500
MHz, CDCl3) 6 0.87 (t, J = 6.9 Hz, 3H), 0.88 (t, J = 6.6 Hz,
6H), 1.20-1.34 (m, 24H), 1.38-1.43 (m, 2H), 1.44-1.53 (m,
4H), 1.59 (quint, J = 7.5 Hz, 2H), 1.72 (quint, J = 7.5 Hz, 4H),
2.77 (t,J="1.5 Hz, 2H), 2.84 (t, J = 7.4 Hz, 4H), 6.40 (s, 2H).

3,4,5-Tridecylsulfanylphenylhydrazine (1e): 'H NMR (400
MHz, CDCl3) 6 0.87 (t, J = 6.8 Hz, 3H), 0.88 (t, J = 6.8 Hz,
6H), 1.20-1.35 (m, 36H), 1.36—1.52 (m, 6H), 1.59 (quint, J =
7.6 Hz, 2H), 1.71 (quint, J = 7.3 Hz, 4H), 2.76 (t, J = 7.5 Hz,
2H), 2.83 (t, J = 7.3 Hz, 4H), 6.40 (s, 2H).

3,4,5-Tridodecylsulfanylphenylhydrazine (1f): '"H NMR (500
MHz, CDCl3) 6 0.88 (t, J = 6.8 Hz, 9H), 1.20-1.35 (m, 48H),
1.36-1.51 (m, 6H), 1.59 (quint, J = 7.5 Hz, 2H), 1.71 (quint, J =
7.4 Hz, 4H), 2.77 (t, J = 7.4 Hz, 2H), 2.84 (t, J = 7.1 Hz, 4H),
6.40 (s, 2H).

3,4,5-Trioctyloxyphenylhydrazine (1g): Soft yellow solid;
'H NMR (400 MHz, CDCl3) § 0.88 (t, J = 6.7 Hz, 9H),
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1.22-1.38 (m, 24H), 1.42-1.53 (m, 6H), 1.72 (quint, J = 7.1 Hz,
2H), 1.79 (quint, J = 7.1 Hz, 4H), 3.86 (t, J = 6.6 Hz, 2H), 3.95
(t, J = 6.6 Hz, 4H), 6.06 (s, 2H).

3,4,5-Tridecyloxyphenylhydrazine (1h): "H NMR (400 MHz,
CDCl3) 8 0.88 (t, J = 6.8 Hz, 9H), 1.21-1.38 (m, 36H),
1.39-1.64 (m, 6H), 1.65-1.84 (m, 6H), 3.86 (t, J = 6.6 Hz, 2H),
3.95 (t, J = 6.6 Hz, 4H), 6.06 (s, 2H); 'H NMR (400 MHz,
CgDg) 6 0.92 (t, J = 6.8 Hz, 9H), 1.22-1.58 (m, 38H), 1.63-1.73
(m, 4H), 1.78 (quint, J = 7.1 Hz, 4H), 1.97 (quint, J = 8.3 Hz,
2H), 3.89 (t, J = 6.4 Hz, 4H), 4.23 (t, J = 6.5 Hz, 2H), 6.03 (s,
2H).

Preparation of hydrazides 2

General procedure

To a solution of the substituted bromobenzene 5 (1.0 mmol) in
dry THF (10 mL), #-BuLi (1.7 M in pentane, 2.2 mmol) was
added under Ar at —78 °C. After 1.5 h a THF (1 mL) solution of
di-tert-butyl azodicarboxylate (DTBAD, 345 mg, 1.5 mmol)
was added dropwise. The mixture was stirred at =78 °C for
0.5 h, then 1 h at rt, and quenched with 5% HCI. The organic
products were extracted (Et;0), the extracts dried (Na;SOy), the
solvents evaporated, and the residue was passed through a short
silica-gel column (hexane/CH,Cl, then CH,Cl,) to give
hydrazides 2 as white solids.

1,2-Bis(tert-butoxycarbonyl)-1-(3,4-dioctyloxyphenyl)-
hydrazine (2a): Yield 71%; mp 5557 °C; "H NMR (500 MHz,
CDCl3) 6 0.88 (t, J = 6.9 Hz, 6H), 1.22-1.38 (m, 16H),
1.39-1.51 (m, 4H), 1.49 (s, 18H), 1.73—1.84 (m, 4H), 3.96 (t, J
= 6.6 Hz, 2H), 3.97 (t, J= 6.6 Hz, 2H), 6.71 (brs, 1H), 6.80 (d, J
= 8.6 Hz, 1H), 6.86-6.92 (m, 1H), 6.93-7.02 (m, 1H); Anal.
caled for C3pHs56N2O¢: C, 68.05; H, 9.99; N, 4.96; found: C,
68.35; H, 9.82; N, 5.02.

Method B: To a solution of 3,4-dioctyloxyphenylboronic acid
(6a, 50 mg, 0.13 mmol) in THF (2 mL), di-fert-butyl
azodicarboxylate (DTBAD, 30 mg, 0.13 mmol) was added
followed by Cu(OAc); (cat) under an Ar atmosphere. The
mixture was stirred at rt overnight, the solvent was
evaporated and the residue was purified on a short
silica-gel column (CH,Cl,) to give 50 mg (68% of yield) of
hydrazide 2a.

1,2-Bis(tert-butoxycarbonyl)-1-(3,4-didecylphenyl)hydrazine
(2b): Yield 63%; mp 37-38 °C; 'H NMR (500 MHz, CDCl3) &
0.88 (t, J = 6.8 Hz, 6H), 1.23-1.40 (m, 28H), 1.49 (s, 18H),
1.48-1.59 (m, 4H), 2.52-2.59 (m, 4H), 6.70 (brs, 1H), 7.06 (d, J
= 8.2 Hz, 1H), 7.08-7.21 (br m, 2H); Anal. calcd for
C36HgaN2Oy4: C, 73.42; H, 10.95; N, 4.76; found: C, 73.06; H,
10.88; N, 4.74.
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1,2-Bis(tert-butoxycarbonyl)-1-(3,4,5-trihexylsulfanyl-
phenylhydrazine (2¢): Yield 43%; mp 74-75 °C; 'H NMR
(400 MHz, CDCl3) 6 0.87 (t,J = 6.9 Hz, 3H), 0.88 (t, /= 6.9
Hz, 6H), 1.23-1.37 (m, 12H), 1.38-1.52 (m, 6H), 1.51 (s, 18H),
1.60 (quint, J = 7.4 Hz, 2H), 1.72 (quint, J = 7.2 Hz, 4H), 2.81
(t,J=17.5 Hz, 2H), 2.84 (t, J = 7.4 Hz, 4H), 6.69 (brs, 1H), 6.99
(brs, 2H); Anal. caled for C34HgoN204S3: C, 62.15; H, 9.20; N,
4.26; found: C, 62.35; H, 9.34; N, 4.22.

1,2-Bis(tert-butoxycarbonyl)-1-(3,4,5-trioctylsulfanyl-
phenyl)hydrazine (2d): Yield 55% yield; mp 51-52 °C;
'H NMR (400 MHz, CDCl3) & 0.84-0.91 (m, 9H), 1.21-1.35
(m, 24H), 1.36-1.50 (m, 6H), 1.51 (s, 18H), 1.60 (quint, J= 7.4
Hz, 2H), 1.72 (quint, J = 7.5 Hz, 4H), 2.81 (t, J = 7.5 Hz, 4H),
2.83 (t, J = 7.4 Hz, 2H), 6.69 (brs, 1H), 6.98 (brs, 2H); the
analytically pure sample was obtained by recrystallization
(MeCN); Anal. caled for C49H7,N,04S5: C, 64.82; H, 9.79; N,
3.78; found: C, 64.92; H, 9.56; N, 3.91.

1,2-Bis(tert-butoxycarbonyl)-1-(3,4,5-tridecylsulfanyl-
phenyl)hydrazine (2e): Yield 56%; mp 50-51 °C; 'H NMR
(500 MHz, CDCl3) 6 0.87 (t, J = 6.8 Hz, 3H), 0.88 (t, /= 7.0
Hz, 6H), 1.21-1.36 (m, 38H), 1.37-1.51 (m, 6H), 1.51 (s, 18H),
1.60 (quint, J = 7.4 Hz, 2H), 1.71 (quint, J = 7.4 Hz, 4H), 2.81
(t,J=17.6 Hz, 2H), 2.83 (t, J= 7.4 Hz, 4H), 6.70 (brs, 1H), 6.98
(brs, 2H); Anal. calcd for C46HggN20O4S3: C, 66.78; H, 10.48;
N, 3.39; found: C, 66.75; H, 10.07; N, 3.43.

1,2-Bis(zert-butoxycarbonyl)-1-(3,4,5-tridodecylsulfanyl-
phenyl)hydrazine (2f): Yield 50%; mp 49-51 °C; 'H NMR
(500 MHz, CDCl3) 6 0.88 (t, J = 6.7 Hz, 9H), 1.22-1.36 (m,
50H), 1.35-1.51 (m, 6H), 1.51 (s, 18H), 1.60 (quint, J= 7.4 Hz,
2H), 1.71 (quint, J = 7.2 Hz, 4H), 2.81 (t, J= 7.4 Hz, 2H), 2.83
(t, J=17.2 Hz, 4H), 6.69 (brs, 1H), 6.98 (brs, 2H); Anal. calcd
for C5pHogN,04S3: C, 68.52; H, 10.84; N, 3.07; found: C,
68.82; H, 10.83; N, 3.06.

1,2-Bis(tert-butoxycarbonyl)-1-(3,4,5-trioctyloxy-
phenyl)hydrazine (2g): Yield 45%; white crystals (MeCN/
EtOAc); mp 73-74 °C; 'H NMR (400 MHz, CDCl5) 6 0.88 (t, J
= 6.8 Hz, 9H), 1.23-1.38 (m, 24H), 1.38-1.52 (m, 6H), 1.50 (s,
18H), 1.73 (quint, J = 7.4 Hz, 2H), 1.77 (quint, J = 6.9 Hz, 4H),
3.92 (t,J= 6.8 Hz, 2H), 3.93 (t, J = 6.6 Hz, 4H), 6.64 (brs, 2H),
6.68 (brs, 1H); Anal. calcd for C49H72N,O7: C, 69.32; H,
10.47; N, 4.04; found: C, 69.61; H, 10.43; N, 3.91.

1,2-Bis(tert-butoxycarbonyl)-1-(3,4,5-tridecyloxy-
phenyl)hydrazine (2h): Yield 64%; mp 55-57 °C; '"H NMR
(400 MHz, CDCl3) 6 0.88 (t, J = 6.8 Hz, 9H), 1.21-1.38 (m,
38H), 1.41-1.54 (m, 6H), 1.50 (s, 18H), 1.67-1.82 (m, 6H),
3.91 (t, J= 6.8 Hz, 2H), 3.93 (t, J = 6.6 Hz, 4H), 6.64 (brs, 2H),
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6.68 (brs, 1H); Anal. caled for C4¢HggN,O7: C, 70.91; H,
11.12; N, 3.60; found: C, 71.31; H, 11.08; N, 3.65.

1,2-Bis(2,2,2-trichloroethoxycarbonyl)-1-(3,4-dioctyloxy-
phenyl)hydrazine (3a): To the solution of 1,2-dioctyloxyben-
zene (4, 1.10 g, 3.31 mmol) in dry CH,Cl, (20 mL), one drop of
CF3SO3H was added under Ar at =78 °C followed by a solu-
tion of bis(2,2,2-trichloroethyl) azodicarboxylate (BTCEAD,
1.50 g, 3.97 mmol) in CH,Cl, (3 mL). The reaction mixture
was stirred for 20 min, warmed up to rt, stirred for 10 min, and
quenched with 25% NH4OAc. The organic products were
extracted (CH,Clyp), the extracts dried (Nap;SQOy4), and the
solvent evaporated. The viscous residue was passed through a
silica-gel plug (hexane/CH,Cl, then CH,Cl,) to give 1.03 g
(36% yield) of the hydrazide 3a as a viscous oil: 'H NMR (400
MHz, CDCl3) & 0.88 (t, J = 6.7 Hz, 3H), 0.89 (t, J= 7.2 Hz,
3H), 1.24-1.39 (m, 16H), 1.41-1.50 (m, 4H), 1.80 (quint, J =
7.0 Hz, 4H), 3.96 (t, J = 6.6 Hz, 2H), 3.99 (t, J = 6.6 Hz, 2H),
4.82 (s, 4H), 6.83 (d, J = 8.6 Hz, 1H), 6.97 (d, J = 8.2 Hz, 1H),
7.02 (brs, 1H), 7.39 (brs, 1H); Anal. caled for CogH4>ClgN,Og:
C, 47.01; H, 5.92; N, 3.92; found: C, 46.27; H, 5.72; N, 3.92.

1-Bromo-3,4-didecylbenzene (5b): To a solution of 1,2-dide-
cylbenzene (8, 1.00 g, 2.8 mmol) in a mixture of Ac,O (3 mL)
and CH»Cl; (3 mL), Br, (0.30 mL, 5.6 mmol) and catalytic
amounts of I, were added. The reaction mixture was stirred
overnight at rt, water was added, the organic products were
extracted (hexane), the extracts dried (Na;SOy), and the
solvents evaporated. The residue was passed through a silica-
gel plug (hexane) to give 1.20 g (~85% yield, based on NMR,
contained ~15% of at least two impurities) of 4-bromo-1,2-dide-
cylbenzene (5b) as a colorless oil: 'H NMR (500 MHz, CDCl3)
major signals 6 0.88 (t, J = 6.8 Hz, 6H), 1.20-1.40 (m, 28H),
1.49-1.58 (m, 4H), 2.53 (t, J = 7.4 Hz, 2H), 2.55 (t, J = 7.5 Hz,
2H), 6.98 (d, J = 8.2 Hz, 1H), 7.22 (dd, J; = 8.2 Hz, J, = 1.8
Hz, 1H), 7.25-7.27 (m, 1H); 'H NMR (400 MHz, CD,Cl,)
major signals & 0.86 (t, J = 6.8 Hz, 6H), 1.20-1.40 (m, 28H),
1.49-1.58 (m, 4H), 2.52 (t, J= 7.4 Hz, 2H), 2.55 (t, /= 7.5 Hz,
2H), 6.99 (d, J = 8.2 Hz, 1H), 7.19 (dd, J; = 8.1 Hz, J, = 2.2
Hz, 1H), 7.25 (d, J = 2.1 Hz, 1H); HRMS-EI (m/z): [M]" calcd
for CygHysBr, 436.2705; found, 436.2726; since 5b undergoes
partial decomposition during attempted short-path distillation
(>260 °C/0.2 mmHg), it was used without further purification
for the preparation of 2b.

1,2-Didecylbenzene (8): Following a general procedure [31], a
solution of 1,2-dichlorobenzene (10.0 g, 68.0 mmol),
Ni(dppp)Cl, (370 mg, 0.68 mmol), and n-decylmagnesium bro-
mide (272 mmol) in a dry THF (100 mL) was heated under
reflux overnight. The crude product was passed through a silica-
gel plug (hexane) and short-path distilled (220-230 °C/0.3
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mmHg) to collect 11.4 g (48% yield) of 1,2-didecylbenzene (8)
as a colorless oil: 'TH NMR (400 MHz, CDCl3) & 0.88 (t, J = 6.8
Hz, 6H), 1.20-1.43 (m, 28H), 1.57 (quint, J = 7.7 Hz, 4H), 2.59
(t, J = 8.0 Hz, 4H), 7.06-7.16 (m, 4H); HRMS—EI (m/z): [M]*
calcd for CygHyg, 358.3600; found, 358.3583.
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