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Synthesis and ring-opening metathesis
polymerisation of o-alkoxy benzothiadiazole
paracyclophane-1,9-dienesf
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ortho-Diethylhexyloxyphenylene benzothiadiazole paracyclophane-1,9-diene as a mixture of diastereo-
mers was synthesized by a sequential benzyne-induced Stevens rearrangement, oxidation and pyrolysis of
a dithia[3.3]paracyclophane. Reaction of these highly strained cyclophanedienes with the second gene-
ration Grubbs catalyst showed that they can be ring opened to alternating cis,trans-phenylenevinylene
polymers. In situ NMR experiments showed that one isomer 8a polymerised to 90% conversion, whereas
the other 8b gave only 9% conversion due to steric hindrance on both faces of the alkene bridges of this
isomer. The resulting polymers can be readily isomerized in dilute solution using visible light to the all-
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Introduction

[2.2]Paracyclophanes contain distorted n-electron systems,'™
in which the close proximity of the coplanar benzene rings
leads to unique electronic properties that have been utilised in
asymmetric catalysis for planar chiral derivatives, chemical
sensors and liquid crystals.®"? [2.2]Paracyclophanedienes,
were first synthesised by Cram and Dewhirst in the 1960s"*
and studies have shown that introducing a double bond into
the bridges increases the m-interactions between the coplanar
aromatic rings and the angles between the bridgehead
carbons.”*'® The aromatic rings in many cyclophanes are not
planar and are distorted into boat, chair and twisted
conformations, consistent with the highly strained nature of
these molecules.”®® The release of this ring strain by meta-
thesis of one of the bridging alkenes in the [2.2]paracyclo-
phanedienes leads to these molecules being effective mono-
mers for ring opening metathesis polymerisation (ROMP) to
give well-defined poly(p-phenylenevinylenes) (PPVs).'*>*
Paracyclophanedienes with benzothiadiazole (BT) and 2,5-dia-
lkoxy phenylene rings have been reported by Elacqua and
Turner et al.>**® These asymmetric [2.2]paracyclophane-1,9-
dienes with electron rich and electron poor building blocks
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enable the preparation of donor-acceptor PPVs by
ROMP.**?%?” The alternation of the donor and acceptor moi-
eties within the polymer backbone reduces the polymer band
gap and strongly red shifts the optical properties of the
material.”*?

To date most [2.2]paracyclophane-1,9-dienes reported are
substituted at the 2,5-positions (para) of the phenylene rings.
Substitution at the 2,3-positions (ortho) is little reported.>*>>3*
but this substitution pattern is known to lead to PPVs that
show significantly blue-shifted optical properties over the com-
parable 2,5-isomers. o-Dialkoxyphenylene benzothiazole para-
cyclophane-1,9-dienes are unprecedented and in this contri-
bution we report the preparation of these highly strained com-
pounds and examine the stereospecific ring opening of the
alkene bridges by alkene metathesis (Scheme 1).

Results and discussion

The synthesis of [3.3]dithiaparacyclophane 4 was achieved by
slow addition of a deoxygenated toluene solution of 2**> and 3
to a large volume of deoxygenated ethanol containing KOH
(Scheme 2). The slow addition reduced the formation of linear
and larger cyclic oligomers and favoured the desired intra-
molecular cyclisation between 2 and 3.

The "H NMR spectrum of dithiacyclophane 4 is shown in
Fig. 1. Several distinct regions are apparent corresponding to
the structural units of the molecule and it is clear that only
one isomer of 4 is isolated in high yield (75%) by column
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Scheme 1 (A) ROMP approach to cis/trans D—A dialkoxy and dialkyl D—
A PPVBT copolymers.?>2® (B) ROMP approach to o-alkoxy D—A PPVBT
copolymer.
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Fig. 1 'H NMR spectrum of dithia[3.3]paracyclophane 4 in CDCls.

chromatography. Two singlets, integrating to two hydrogens,
at 7.10 ppm (a) and 5.67 ppm (b) were assigned to the four
hydrogens of the disubstituted aromatic rings. The doublets at
4.54 and 3.43 ppm integrating to two hydrogens can be
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assigned to the four thioether hydrogens connected to ben-
zothiadiazole. The other four thioether hydrogens are observed
as doublets at 4.04 and 3.94 ppm. The complex multiplets for
the OCH, hydrogens of the ethylhexyl side chains are observed
at 3.98 and 3.80 ppm as shown in the inset of Fig. 1. Based on
literature precedence®® and theoretical calculations (see ESIT),
the isomer is assigned as shown in Fig. 1 and Fig. S1.t

A benzyne-induced Stevens rearrangement was performed
by the dropwise addition of tetrabutylammonium fluoride tri-
hydrate to a solution of 2-(trimethysilyl)phenyl trifluorometha-
nesulfonate 5 and 4 in THF at room temperature over a period
of 5 hours. After evaporation of the solvent the crude product
was purified by flash column chromatography, initially eluting
with petroleum ether to remove biphenylene (by-product from
the dimerisation of benzyne), followed by elution with 30%
DCM/petroleum ether to obtain the mixture of bis-phenyl sul-
fides 6 as a highly viscous yellow oil in 65% yield. The
benzyne-induced Stevens rearrangement is not regioselective
and migration of the phenyl sulfide group can occur to either
a-carbons (either adjacent to a substituted or unsubstituted
ring). Additionally each of these a-carbons is a stereogenic
centre and when coupled with the planar chirality this results
in a large number of possible isomers of 6, therefore, the 'H
NMR spectrum of compound 6 is very complex with a large
number of overlapping signals (see ESI, Fig. S8t). High resolu-
tion mass spectrometry (HRMS) gave a molecular ion of
739.2341 m/z for 6. This mixture of compounds 6 was then oxi-
dized by addition of hydrogen peroxide (2.2 eq.) in acetic acid
and toluene, at room temperature for 20 hours. This gave a
complex mixture of compounds 7 as each sulfoxide group is
also an additional stereogenic centre (see ESI, Fig. S9%).
Thermal elimination of the phenyl sulfoxide groups from com-
pound 7 to generate cis-vinylene bonds was achieved by
heating to 150 °C in deoxygenated, anhydrous o-xylene, under
argon for 20 hours. After solvent removal, the crude product
was purified by flash column chromatography and an insepar-
able mixture of the syn- and anti-cyclophanedienes, 8a and 8b,
in a ratio of 1:3 (by integration of the aromatic protons), was
isolated as a reddish oil in a yield of 33%. The 'H NMR spec-
trum of the cyclophanedienes 8a and 8b is shown in Fig. 2.
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Fig. 2 'H NMR spectrum of 8a and 8b in CD,Cl,.
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The hydrogens on the benzothiadiazole rings for the two
isomers are observed as singlets at 6.60 ppm for 8a and
6.92 ppm for 8b in a ratio of 1: 3. The hydrogens of the pheny-
lene rings appear at 6.13 ppm for 8a and 5.13 for 8b, the
upfield shift of the hydrogens associated with 8b is consistent
with these hydrogens lying under the thiadiazole ring. The
integration of these hydrogens, confirmed the 1: 3 ratio of the
two isomers of 8. The vinylene hydrogens were observed as two
different doublets; at 7.16 ppm and 6.90 ppm with J = 10 Hz in
8a and 7.09 ppm and 6.85 ppm with J = 10 Hz in 8b. The
protons of OCH, group bonded directly to the aromatic ring
are diastereotopic and in cyclophanediene 8a these OCH,
appear as two multiplets between 3.23-3.27 and
3.65-3.71 ppm. In 8b these OCH, also appear as two multi-
plets between 3.57-3.64 ppm and 3.78-3.86 ppm. The tempera-
ture dependence of the mixture of isomers was studied by 'H
NMR spectroscopy (Fig. S15-17t). This showed that the aro-
matic hydrogens on the phenylene rings (H,) and the cis-viny-
lene bonds (H/) for 8b appeared as multiplets at temperatures
below 293 K. These signals coalesced as the temperature was
raised to above 300 K resulting in a sharp singlet and a
doublet at the average chemical shift of the multiplets
observed at lower temperatures. When the sample was cooled,
the original spectrum at room temperature was recovered, con-
sistent with a conformational interconversion. There was no
interconversion between isomers 8a and 8b observed even at
the highest temperatures (325 K).

It was not possible to crystallise either 8a or 8b and deter-
mine the solid state structure. Hence the ground state geome-
try of 8a and 8b was calculated using density-functional theory
calculations (B3LYP/6-311G(d,p)). Both aromatic systems
display pseudo-boat conformations. The intramolecular dis-
tance between the two carbons of the phenylene group bonded
to the vinylene bond is predicted to be 1.5 A for both 8a and
8b. The vinylene bond length in both 8a and 8b are calculated
to be around 1.35 A which is in agreement with that of a stan-
dard cis-vinylene bond 1.32 A.*” Each isomer shows a highly
strained structure with estimated ring strains of 58 kcal mol™*
(8a) and 55 kcal mol™ (8b). The calculated n-n distances for
8a and 8b are very short at 3.06 and 3.04 A respectively due to
the electrostatic attraction between the electron rich and elec-
tron poor aromatic rings (Fig. 3).

Initial ROMP studies of monomers 8a and 8b with G2
initiator was conducted using an in situ "H NMR experiment
(Fig. 4). Polymerization of monomer 8a and 8b was performed
in THF-dg at 60 °C ([8a]/[G2] = 10) and ([8b]/[G2] = 30); after
5 min a signal at 6 16.32 ppm corresponding to the presence
of the O-chelated carbene intermediate and a signal at §
17.31 ppm corresponding to the N-chelated carbene intermedi-
ate were observed but significant quantities of unreacted G2
remained. After 2 h the initiator was completely consumed
and after 24 h the reaction was quenched by adding an excess
of ethyl vinyl ether. The crude product was purified by precipi-
tation (MeOH/Celite) followed by elution with chloroform and
the desired polymer, 9, was obtained (Mp(cae) = 5.2 kDa,
Mi(obs,) = 5.8 kDa, P = 1.56). This polymer was derived by the
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Fig. 3 DFT (Density-Functional Theory) optimized geometry of isomers
of 8: (a and b) Wireframe views of 8a and 8b. (c and d) Space-filling
views of 8a and 8b.
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Fig. 4 ROMP of monomer 8a and 8b with G2 catalyst; in situ *H NMR
experiment — carbene region.

polymerisation of isomer 8a and 8b. Specifically, ROMP of
isomer 8a led to 90% conversion, whereas 8b afforded only 9%
conversion (see Fig. S181). We attribute the higher relative
reactivity of 8a to the presence of an open face of the vinylene
bridge (see red arrow) at which the catalyst is able to form the
desired metallacyclobutane intermediate by a ring opening
methathesis reaction (see Fig. 3c). A similar observation has
been seen before in the polymerisation of the tetraalkoxy 2,5-
substituted paracyclophanediene derivatives.'””*® By compari-
son in compound 8b, the optimised structure (Fig. 3d) shows
steric crowding at both faces of the vinylene bridges by the
o-alkoxy and benzothiazole groups.

The MALDI-TOF mass spectrum of the 2,3-dialkoxy PPV 9
(Fig. 5) showed a main series of peaks (M) separated by an
interval of 519 mass units, corresponding to the molecular
weight of the monomer. This is consistent with the desired

Org. Biomol. Chem., 2023, 21, 3245-3250 | 3247
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Fig. 5 MALDI-TOF-MS of 9, (M) peaks corresponding to polymers with
phenyl and vinyl end groups, and (@) peaks corresponding to cyclic
oligomers.

polymer terminated with phenyl and vinyl end groups as
expected (total mass 104). A further minor series of peaks (@)
was consistent with the formation of cyclic polymers via intra-
molecular secondary metathesis as the active chain end of a
propagating polymer can react at the cis vinylenes on the same
chain, creating a lower molecular weight polymer and a cyclic
oligomer. A similar observation has been seen before in the
polymerisation of 2,5-dialkoxy PPV polymers.>®

The '"H NMR spectrum of 9 (Fig. 6) was recorded in CDCl;.
The peak at 3.83 ppm can be assigned to the hydrogens of the
methylene groups attached to the oxygen for the cis and trans
vinylene links. Signals for the cis vinylene groups appear
between 6.67 to 7.01 ppm, and those for the ¢rans vinylene and
other aromatic hydrogens appear further downfield after
7.01 ppm. The copolymer 9 was initially isolated with alternat-
ing cis/trans vinylene stereochemistry. Isomerization to the all
trans form was achieved by vigorously stirring dilute solutions
(1 mg mL™" in dichloromethane) of 9 under exposure to visible
light in the absence of oxygen. The cis vinylene and phenyl
signals can be seen to disappear after isomerisation. In SEC
analysis lower retention times were observed for the trans
isomer relative to their cis/trans form due to larger hydrodyn-
amic volume of the trans isomer (Fig. S237).

The absorption and emission spectra of the D-A polymers
were recorded in chloroform solution (Fig. 7). The cis/trans
polymer exhibits a A, of 479 nm, with the PL A, at 605 nm,
the trans polymer shows a A,y of 530 nm, with the PL,,, at
621 nm (see ESI, Fig. S24 and Table S1t). The spectra were red
shifted when compared to the analogous 2,3-dialkoxy PPV pre-
pared by the ROMP of a 2,3-dialkoxyparacyclophanediene
(P max = 384 nm and ™.« = 490 nm).?* They were also red-
shifted over the 2,3-dialkoxy PPV polymers reported by Holmes
et al., these polymers have two alkoxy groups in the 2,3 posi-
tion of every phenylene ring, and they exhibited a Aj.x of
454 nm and a PLy,,, of 519 nm.** Incorporation of the BT unit
in 9 effectively red-shifts the absorption and emission
maximum over the spectra of the reported 2,3-dialkoxy PPV
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Fig. 6 H NMR spectra (CDCls) of 9 taken before (bottom) and after
(top) photoisomerization.
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Fig. 7 Absorption and emission profiles of copolymers 9 (Ex = 470 nm)
and trans-9 (Ex = 520 nm) in CHCl; solution.

polymers. By comparison the absorption and PL spectra of 9
and trans-9 are blue shifted relative to the optical properties of
the 2,5-dialkoxy PPBTV polymers and MEH-PPBTV
analogues.”®”® The blue shift of the absorption maxima can
be attributed to the steric interactions of the ortho-alkoxy sub-
stituents. To investigate this further the ground state struc-

This journal is © The Royal Society of Chemistry 2023
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tures of oligomers were calculated by DFT using the B3LYP/6-
311G(d,p) basis set. The calculations show that oligomers
based on 9 and trans-9 are stabilized by intramolecular van der
Waals and the electrostatic interactions between hetero-
atoms.>® The strong steric repulsions between adjacent sites in
the phenylene ring lead to rotation of the substituents around
the C(sp*)-O bonds and consequently hinder effective orbital
overlap of the lone pair electrons of the alkoxy-oxygen with the
aromatic rings. This causes a more twisted conformation of
the polymer backbone (Fig. S2t), which directly affect the

39
;Lmax-

The electrochemical properties of 9 were investigated using
cyclic voltammetry (CV) in an acetonitrile solution of tetra-
butylammonium hexafluorophosphate (0.1 M) as electrolyte by
drop casting a thin film of 9 on the platinum working elec-
trode. Irreversible oxidation and reductions were observed for
cis/trans 9 and all-trans 9 (Fig. S25-277), against a Ag/AgNO;
reference electrode. The energy levels of the HOMO and the
LUMO for the polymers were estimated from the onset of
the oxidation and reduction peaks, respectively. The
electrochemical bandgap of polymer 9 and trans-9 was
observed to be 1.93 eV and 1.87 eV respectively, with the
extended conjugation of the trans-9 leading to the smaller
band gap, as expected.”**°

The nature of the frontier molecular orbitals were examined
by DFT calculations using B3LYP/6-311G(d,p) and Fig. 8 shows
a plot of the electron density contours of the calculated HOMO
and LUMO orbitals. The ethylhexyl side chains of all the struc-
tures were replaced with propyl groups to reduce the compu-
tational costs without influencing the energy of HOMO and
LUMO. For both cis/trans 9, and trans-9 the HOMO is deloca-
lized over both the dialkoxyphenylene and the benzothiazole
unit while in the case of the LUMO orbital, electrons are pre-
dominately localised on the BT acceptor moiety. The energy
gaps of the all trans structures are lower than alternative cis/
trans conformation in gas phase due to extended conjugation.
The calculated HOMO/LUMO energy levels are higher than
those obtained from cyclic voltammetry,"" nonetheless the
trends are consistent with the observed experimental data with
a reduction around 0.3 eV expected on isomerisation from cis/
trans to trans isomers.

‘ﬁaJ j

-:;’s‘;aﬂ e

50%

Fig. 8 Calculated HOMO/LUMO energy levels of of cis/trans 9 and all
trans 9.
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Conclusions

o-Dialkoxy benzothiadiazole [2.2]paracyclophane-1,9-dienes, 8,
can be synthesised from a [3.3]dithiaparacyclophane (4). These
highly strained molecules are isolated as a mixture of syn and
anti isomers, 8a and 8b, that cannot be interconverted but can
be ring opened by ruthenium metathesis catalyst (G2) to give
regularly alternating cis/trans-PPV-BT copolymers, 9. However,
8a reacted substantially faster than 8b. The initially formed
cis/trans polymer can be photoisomerised to the corresponding
all trans isomer. The optical properties were studied in solu-
tion and HOMO-LUMO energy levels of the polymers deter-
mined by cyclic voltammetry and the orbital contributions
investigated by DFT calculation. The all ¢rans polymer 9
showed a red shifted absorption maximum with a smaller
optical and electrochemical band gaps owing to the enhanced
molecular orbital overlap.
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