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Inexpensive, operationally simple flow reactor for
rapid, chromatography free synthesis of siloxane

515 based liquid crystalst
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We report on the hydrosilylation of terminal alkenes in flow using a “Karstedt-like” platinum-on-silica cata-
lyst. A solution of alkene and siloxane in toluene was passed through the catalyst bed using a low pressure
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pump; the use of a high catalyst loading delivers quantitative B-addition of the siloxane to the alkene,
hence the only purification required is removal of volatiles (toluene and siloxane). Following optimisation
we synthesise a family of liquid crystalline siloxane terminated cyanobiphenyls, finding their properties to

compare favourably to literature examples. The system and catalyst described is inexpensive, reusable, and

rsc.li/reaction-engineering

Introduction

The two most common ways of forming carbon-silicon bonds
are the reaction of a nucleophile with a silyl halide, or the ad-
dition of a silyl hydride across an olefin using transition
metal catalysis (typically platinum, e.g. Karstedt's catalyst)."™
The incorporation of siloxanes into liquid crystals is often
performed as a means to attain lower melting points,” sup-
press nematic liquid crystal phase formation® as well as to
control smectic mesophase layer spacing’ and induce De
Vries behaviour.® > One of the difficulties in preparing
liquid-crystalline siloxanes is the need for chromatographic
separation of unreacted olefin and silyl hydride from the de-
sired product;*® the similar retention factors of the product
and starting material make this time consuming. Siloxane/si-
lane terminated materials are often not solid at room temper-
ature, complicating recrystalisation. Given that the liquid-
crystalline state is extremely sensitive to chemical purity,"*
careful chromatographic purification of these materials is
therefore often unavoidable. In addition to their cost and in-
herent lack of reusability, homogenous catalysts such as
Karstedt's catalyst may also contaminate the resulting mate-
rial with platinum colloids which, in addition to having cata-
lytic activity of their own,"” can be difficult to remove and
may affect properties of the resulting materials. The addition
of a silyl hydride across an olefin is exothermic;'® with in-
creased reaction temperature there is the possibility for in-
creased formation of the (usually undesired) Markovnikov
addition product. Lastly, the low catalyst loading used for
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chromatography free and thus prominently sustainable.

hydrosilylation necessitates that even trace quantities of cata-
Iytic poisons - sulphurous in the case of platinum catalysts -
are excluded. Flow chemistry techniques are increasingly be-
ing adopted in the synthesis of complex molecules,'”>' how-
ever the potential use of these techniques has not yet been
applied to the synthesis of liquid crystalline media.>* In this
article an inexpensive (cost of hardware ~ $400) flow reactor
utilising a platinum(0) catalyst on silica gel (cost = $3 per g)
is described for the hydrosilylation of terminal olefins. Fol-
lowing removal of volatiles (solvent and silyl hydride, both
can be recovered if required) the desired products were
obtained in high yield (>95%) and high purity (>99%) with-
out chromatography or recrystalisation.

Experimental

Toluene was washed with >95% sulphuric acid to remove
trace thiophene before distilling over CaH. The synthesis of
the alkene-terminated cyanobiphenyls is described in a previ-
ous publication,” use of high purity alkenes (>99.5% by
HPLC assay) is essential as this dictates the purity of the tar-
get siloxanes. pentamethyldisiloxane was purchased from
Fluorochem and purified by short path distillation. Triethoxy-
silane and silica gel were purchased from Sigma Aldrich,
hexachloroplatinic acid hydrate was purchased from Alfa
Aesar. The synthesis of Pt@SiO, was performed as reported
by Miao et al. on a scale of 20 g.**

The flow reactor (Fig. 1) was constructed from an Omnifit
glass column (L x I.D. 150 x 10 mm, volume 9.5 ml, mfr. no.
6112) with an adjustable endpiece (mfr. no. 6165, allowing the
volume of the packed bed to be varied) and PTFE frits (mfr.
no. 6146). The column was loaded with 2.8 g of Pt@SiO,
which was packed by sonication. Fluorinated ethylene
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Fig. 1 (A) Scheme 1, showing the synthesis of the catalyst Pt@SiO,
used in this work. (Bz) Top, diagram of the flow reactor. Bottom,
photograph of the assembled reactor: the flow direction is from left to
right through 0.89 mm ID. fluorinated ethylene propylene (FEP)
tubing, the Omnifit column (and therefore catalyst bed) is cylindrical,
having a radius of 5 mm, a length of <50 mm and therefore a volume
of ~4 cm?.

propylene (FEP) tubing was purchased from Saint Gobain Per-
formance Plastics. The catalyst Pt@SiO, is ~1.9 wt% Pt; 2.8 g
therefore corresponds to ~0.24 mmol of Pt. The column was
assembled and flushed with 10 ml of low sulphur toluene at
0.5 ml min™ before use. Liquids were delivered via a syringe
pump at the indicated flow rates. Instrumental details are
given in the ESI{ to this article.

Results and discussion

We chose the hydrosilylation of 4-(pent-4-eneyloxy)-4"-
cyanobiphenyl with pentamethyldisiloxane (to give 2Si5OCB,
Scheme 1 and Table 1) as the reaction to optimise the flow
hydrosilylation. Our aim was to obtain quantitative conver-
sion of the alkene to the B-addition product with the maxi-
mum possible throughput (i.e. flow rate) as shown in
Table 1. A stock solution of alkene (20 mmol) and siloxane
(22 mmol, 1.1 mol eq.) in toluene (100 ml) was prepared
and 10 ml used for each reaction. The reactor output was
collected and volatiles (toluene + siloxane) removed in vacuo
at 60 °C and <5 mBar - no further purification was
performed - to give both spectroscopically (*H, *C{'H},
BC{*H} DEPT135 and *°Si{'H}) and chromatographically
(HPLC) homogenous material in effectively a quantitative

Pt
i —SiOSiH i @_‘ i ol
Pl i Pt@ Sio, — SiOSi—
i H r=5mm, /=50 mm NC—.—"OO it
{0.2M, PhCH3 AH;_ b
................... 0.1-0.6 ml min”! 2Si50CB

Scheme 1
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Table 1 Conversion - determined by *H NMR - as a function of flow rate
when using a 0.2 M solution of 4-allyloxy-4'-cyanobiphenyl (2 mmol) and
pentamethyldisiloxane (1.1 mol eq.) in low sulphur toluene (10 ml). Con-
versions were determined by *H NMR integration of the alkene peaks;
where no alkene peaks remained conversion is given at >99%

Flow rate (ml min™") Conversion ("H NMR) Assay (HPLC)

0.1 >99% >99.5
0.2 >99% >99.5
0.3 >99% >99.5
0.4 >99% >99.5
0.5 >99% >99.5
0.6 <94% —

yield. Following the completion of a given substrate the reac-
tor bed was washed with ethyl acetate (~10 ml, 0.5 ml min™")
to remove traces of starting materials and avoid contaminat-
ing subsequent runs. We did not observe any darkening of
the reaction product nor did we observe a drop in conversion
with successive runs, either of which would indicate leeching
of platinum. However, as we are working at complete conver-
sion conditions we must note that any decrease in catalyst
activity with subsequent runs could be masked. As a control,
2 ml of the stock solution was concentrated in vacuo and
studied by NMR (‘H/"C{'H}/**Si{'H}) which confirmed no
conversion takes place in the absence of a catalyst.

We observed at flow rates of 0.6 ml min™" we found 6% re-
sidual alkene in the product by "H NMR integration; while
this would be possible to separate via chromatography or
crystallisation we considered a purification free synthetic
transformation to be more desirable than higher throughput.
Decreasing the flow rate increases the residence time of the
reaction solution in the catalyst bed and lead to quantitative
conversion at 0.5 ml min~" and lower, as judged by "H NMR
and HPLC. The high conversion is probably due to the high
catalyst loading; the reactor bed (4 ml volume) contains ap-
proximately 0.24 mmol of platinum, whereas the same vol-
ume of reaction solution contains 0.8 mmol of alkene; this
equates to a catalyst loading of 30 mol% which is over two or-
ders of magnitude above a typical catalyst loading used by us
for homogenous hydrosilylation with Karstedt's catalyst.” The
ratio of a.: B products was studied by "*C{"H} DEPT135 NMR
(see Fig. 2); the secondary CH3;-CH,—(Si...)-CH,~ present in
the undesired alpha product will give a resonance in positive
phase, whereas the desired beta product will have negative
phase due to the primary -CH,-Si. We observe only a nega-
tive phase resonance for the carbon adjacent to the siloxane
(including *C-"°Si satellites), indicating quantitative forma-
tion of the B-addition product. The NMR resonance of the
secondary CH;-CH,—(Si...)-CH,- would also be expected to be
upfield of the resonance corresponding to the primary -CH,-
(Si...). We subjected samples of 2Si50CB prepared at differing
flow rates to study by HPLC to assay purity; we used a gradi-
ent solvent (100% hexane to 100% DCM over 30 minutes)
with a normal phase silica column. The material obtained at
0.6 ml min™ was known to contain residual alkene as
evidenced by "H NMR and so HPLC assay was not performed;
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Fig. 2 “C{*H} DEPT135 NMR spectra (100.5 MHz) of 2Si5OCB
synthesised at a flow rate of 0.5 ml min™, with an expansion showing
the main resonance (and satellites from **C-2%Si coupling) for the CH,
adjacent to the siloxane.

the remaining five samples all gave a single peak by HPLC
assay which indicates a purity of above 99.5%.

With a catalyst bed volume of ~4 em® and a concentration
of 0.2 M, a flow rate of 0.5 ml min™" is optimal and this gives
a theoretical maximum throughput of 6 mmol an hour, e.g.
2.5 g of 2Si50CB. A larger catalyst bed volume should allow
higher conversion at a given flow rate; however the limited
backpressures available through a syringe pump restricts us
to the present catalyst bed volume (=4 cm?®). High pressure
pumps and back pressure regulation would allow larger cata-
lyst beds (therefore higher throughput) at the cost of in-
creased cost and system complexity, negating the simple and
inexpensive setup described.

With an optimum flow rate identified we undertook the
hydrosilylation of the w-alkeneyloxy-4'-cyanobiphenyl series of
materials with pentamethyldisiloxane (Scheme 2). We com-
bined the alkene (2 mmol) with pentamethyldisiloxane (1.1
mmol) and low sulphur toluene (10 ml) in a 14 ml vial, soni-
cating until a homogenous solution was obtained (typically
<2 min). This solution was passed through the Pt@SiO, reac-
tor bed at 0.5 ml min~", followed by 10 ml of ethyl acetate at
0.5 ml min~". The toluene and excess pentamethyldisiloxane
were removed in vacuo (70 °C < 5 mBar) to give the 2SinOCB
materials, which were analysed without further purification.
Purities were determined by HPLC and are given along with
transition temperatures (°C, from the average of two DSC cy-
cles) for the 2SinOCB materials in Table 2.
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Table 2 Transition temperatures (°C) were determined via DSC at a
heat/cool rate of 10 °C min* and are the average of two runs. Phase
identification was made by microscopy and assisted by SAXS studies.
2Si100CB (n = 8) exhibits a crystal-to-crystal transition at 43.0 °C with an
associated enthalpy of 0.38 kJ mol™. Purity was assayed by HPLC as de-
scribed in the text, retention times are given in the ESI

Transition temperatures

Assay

No. = MP Ty SmAg-Iso (HPLC)

2Si30CB 1 74.2 -29.4 33.6 >99.5%
2Si40CB 2 39.7 -30.6 29.1 99.3%
2Si50CB 3 33.1 -30.8 52.4 >99.5%
2Si60CB 4 39.6 -31.0 53.8 >99.5%
2Si70CB 5 24.3 — 63.2 >99.5%
2Si80CB 6 42.3 — 64.2 >99.5%
2Si90CB 7 28.1 — 71.2 > 99.5%
2Si100CB 8 38.2 — 70.9 > 99.5%
2Si110CB 9 33.9 — 74.4 > 99.5%

For each material the yield was quantitative (>95%),
confirming that the desired product is not retained by the
catalyst bed. In the all cases we observe only one peak in
HPLC analysis, indicating a purity of >99.5%, with the excep-
tion of 2Si40CB which was obtained in only 99.3% purity.
Most of the compounds presented in Table 2 have been
reported previously, and we note that the transition tempera-
tures (in particular melting points) reported by us are identi-
cal to or higher than previously reported examples.”®** This
is further evidence for the high purity of our materials and
the advantage conferred by in-flow versus homogenous hydro-
silylation. We note that if higher purity was desired the mate-
rials could still be subjected to distillation, crystallisation or
chromatographic purification techniques. We used small an-
gle X-ray scattering to measure the layer spacing in the smec-
tic A phase of 2Si110CB. We observe the smectic layer spac-
ing of 2Si110CB to be temperature dependent and to reach a
maximum value of 49.5 A in both samples, corresponding to
a maximum d/I ratio of 1.74 when using the molecular length
of 28.3 obtained from DFT(B3LYP/6-31G(d)) calculations. The
smectic phase exhibited by 2Si110CB is probably best de-
scribed as being an interdigitated smectic A phase (SmAy),
however the maximum value of the layer spacing is only frac-
tionally smaller than that of a bilayer smectic phase (SmA,,
d/l = 1.8-2.0 (ref. 26)). The layer spacing (and therefore d/I ra-
tio) of 2Si110C increased approximately linearly with decreas-
ing temperature as shown in Fig. 3. Comparison with an
identical sample prepared in a batch reaction demonstrates
the two materials have essentially identical behaviour.

As a demonstration we prepared a single pixel smectic A
scattering device from a portion of 9 prepared in flow. The
neat material was first doped with 0.05 wt% hexadecyltri-
methylammonium perchlorate. The doped mixture of 9 was
filled into a standard 5 pm thick cell with ITO electrodes over
a surface area of 10 x 10 mm. A transparent state was in-
duced by application of a high voltage, low frequency (200
Vrms, 1 Hz) electric field (Fig. 4a); this could be transformed
into a scattering state with a high voltage, high frequency
(200 Vrms, 1 kHz) electric field (Fig. 4b). Although the device

React. Chem. Eng., 2018, 3, 515-519 | 517
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Fig. 3 Plot of the smectic A layer spacing (d) of expressed as a d/I
ratio ([ = 28.3 A) as a function of reduced temperature (Tsma-1so/ T, arb.)
for 2Sil10CB prepared in batch (blue circles) and in flow (red squares).

Fig. 4 A single pixel ion doped SmA scattering device prepared from a
sample of 9 prepared in flow. The active area scatters light in its ‘on’
state (b) and is transparent in its off state (a).

is clearly suboptimal (low contrast due to thickness for exam-
ple) the ability to rapidly synthesise materials could enable
higher throughput screening of materials for use in display
devices, to provide one example of this technology.

Conclusions

Siloxanes in liquid-crystals are a popular terminal group to
confer lower melting points and alter bulk material proper-
ties, however batch hydrosilylation reactions can give variable
yields, poor selectivity and require extensive chromatography
to afford pure materials. We demonstrate an inexpensive and
operationally simple flow reactor for the hydrosilylation of
terminal alkenes, and apply this to the synthesis of a family
of liquid-crystalline materials. The reaction affords only the
desired beta-addition product (‘H/"*C{'H}/DEPT135/>°Si{'H}
NMR) and complete conversion of the alkene to the siloxane
was achieved with a throughput of 6 mmol h™"; increased
throughput may be possible with modifications (higher pres-
sure, larger catalyst bed and backpressure regulation), how-
ever this quantity is sufficient for the synthesis and evalua-
tion of LC materials. The target siloxanes were obtained in
sufficiently high purity (>99.5% by HPLC) that column chro-
matography was not required for any materials prepared in
this work, although we note that the materials could be puri-
fied further if desired, with the only ‘purification’ being re-
moval of volatiles. We prepared a family of liquid-crystalline
siloxanes and compared their behaviour to previous reports,
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where available. The transition temperatures and smectic
layer spacings we observe are generally superior to literature
values. Lastly we construct a single pixel prototype ion doped
SmA display device, demonstrating the application potential
of flow derived LC materials. This technique has been shown
to be useful in producing high purity materials for LCD tech-
nologies, and it is possible that it might have other applica-
tions to dendrimers,*” oligomers,*® polymers etc.
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