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6N-containing polyphenylene precursors were generated via [2 + 2 + 2] cyclotrimerisation. On
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methoxy substitution complete

ring-closure can be achieved (via FeCls-mediated oxidative

cyclodehydrogenation) to give asymmetric and Cs, symmetric hexaazasuperbenzenes. Investigations
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rsc.li/rsc-advances cyclodehydrogenation.

It is now well-documented that the incorporation of hetero-
atoms such as N, P,** S, or B** into the core of polycyclic
aromatic hydrocarbon (PAH) derivatives fundamentally affects
their electronic and optical properties.”*™* It is one means by
which to tailor the HOMO-LUMO gap in such materials and to
confer upon them either p- or n-type semiconducting properties
as required in organic field-effect transistors and organic light
emitting diodes."**® Depending on the position of the hetero-
atom (periphery or core), such substituents can also provide
ligand or coordination functionality to PAH-based mole-
cules."”*® This latter effect has been demonstrated most notably
in systems with a coronene skeleton as part of their aromatic
core and pyrimidine units in peripheral sites.'*** The intro-
duction of graphitic nitrogen atoms also opens up the possi-
bility of new applications e.g. as sites for enhancing the
electrocatalytic behaviour of carbon-materials.*

Polycyclic heteroaromatics based on hexaphenylbenzene
have emerged as desirable synthetic targets on many fronts, not
just as a starting unit for bottom-up synthesis but also as well-
defined substructures for the surface-mediated formation of
heteroatom-doped graphene and nanoribbons.****** However,
the synthetic challenges are magnified by the presence of these
heteroatoms, and have led to interesting strategies that differ
significantly from their all-carbon analogues.** In terms of
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using DDQ/H* mediated conditions reveal this to be a promising alternative and selective route to partial

controlling the nature and extent of heteroatom doping, there is
still much to achieve in the resulting substitution patterns and
the degree of ring fusion. In unfused systems, 6N substitution
of hexaphenylbenzene has recently been achieved.”” Fused 2N
and 4N systems have been generated through the use of pyr-
imidyl units,*® while 6N substitution has only been achieved in
pyrrole-based systems.?

This work aims to tackle one of the current major challenges,
that of increasing the degree of N-doping into the periphery of
the aromatic core without compromising the extent of aroma-
ticity in the final product. In the process we have produced
hexaazasuperbenzenes with differing anisotropic molecular
shapes, structural rigidity, extended 7-surfaces, and shed some
light on how N-doping influences the outcome of metal and
DDQ/H' mediated cyclodehydrogenation reactions.

[2 + 2 + 2] cycloadditions involving alkynes have been used as
an elegant, one-step and potentially one-reagent method for the
generation of annulated benzene derivatives.”” Herein, we exploit
the [2 + 2 + 2] trimerisation of pyrimidyl containing acetylenes as
a convenient route to yield 6N-doped polyphenylenes in high
yield. The subsequent oxidative cyclodehydrogenation reactions
gave nitrogen-doped nanographenes with N-loadings of up to
11.11 atom% within the aromatic core with differing N-donor
arrangements.

Two series of 6N polyphenylenes were synthesised by varying
the functional groups in the monopyrimidyl acetylene precursor
(tert-butyl or methoxy - see Schemes 1 and 2) and subjecting them
to standard dicobalt octacarbonyl-catalysed cyclotrimerisation
conditions.”® Asymmetric 3,5,6-tri-(4-tert-butylphenyl)-1,2,4-tri(5-
pyrimidyl)benzene (1), and the symmetric 2,4,6-tri(4-tert-
butylphenyl)-1,3,5-tri(5-pyrimidyl)benzene (2) (Scheme 1), were
successfully isolated as white crystalline solids in 68% and 27%
yields respectively, in the expected statistical ratio of 3 : 1 [see ESI
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Scheme 1 Synthetic route to tert-butyl functionalised 6N-doped
hexaazasuperbenzenes (HASB): (i) Co,(CO)g, dioxane, 115 °C, 24 h,
under N, (ii) FeCls, CH3NO,, CH,Cl,, 298 K, Ar bubbling, 72 h, (iii)
DDQ, M6503H or CF3$O3H, CHzclz

MeO-{:}—-—C} L}

Scheme 2 Synthetic route to methoxy-functionalised hex-
aazasuperbenzenes (HASB). (i) Co,(CO)g, dioxane, 115 °C, 24 h, under
N_, (ii) FeCls, CH3sNO,, CH,Cl,, 298 K, Ar bubbling, 24 h.

for single crystal X-ray structure of 2 (S5}) and the photophysical
investigation of 1 and 2 (S6a})]. These materials are isomers,
differing in terms of their symmetry patterns (Cj, or star-shaped,
and asymmetric).

The planarisation of the tert-butyl functionalised 6N poly-
phenylenes 1 and 2 to obtain 6N nanographenes was studied
under a range of common oxidative cyclodehydrogenation
conditions: (i) AlCl3/CuCl,/CS, (ii) FeClz/CH3;NO,/CH,Cl, and
(ili) DDQ/H" (where H" = MeSO;H or CF;SO;H). For the asym-
metric polyphenylene 1, the AICl;/CuCl,/CS, route resulted in
a myriad of partially fused products. Although the separation of
these was extremely challenging, 5/6™ fused (five C-C bonds
closed) 4 was isolated in very low yield (5%) after a series of
purification attempts.

By comparison, the FeCl;-catalysed procedure proved to be
much cleaner: the oxidative cyclodehydrogenation of asymmetric
1 under FeCly-mediated conditions resulted in the 2/3"%fused
(four C-C bonds formed) 3 and 5/6™ fused (five C-C bonds
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formed) 4 as the two major products (Scheme 1). Preparative thin
layer chromatography facilitated the separation of these co-
synthesised products 3 (10%) and 4 (20%). In addition, mass
spectrometric analysis of the crude mixture showed the presence
of 1/2-fused (three C-C bonds formed) and 1/3™ fused (two C-C
bonds formed) compounds in trace amounts [see S4(a)i]. Under
the same FeCl;-conditions, the oxidative cyclodehydrogenation
of symmetric 2 resulted in the 5/6™ fused (five C-C bonds
formed) 5 (23%) as the major product. As for 1, the mass spec-
trometric analysis of the crude reaction material showed the
presence of other partially-fused products with varying degrees of
fusion [S4(b){]. For symmetric 2, the AICl; route was not
successful and resulted in a mixture of intractable products.

Recently, ring closure via DDQ/H' oxidation has been
explored as a metal-free alternative for the oxidative cyclo-
dehydrogenation of various all-carbon aromatic donors.” To
the best of our knowledge, this route has not been tested for
N-containing polyphenylene systems. In this work, the DDQ/H -
mediated oxidative cyclodehydrogenation was investigated for
6N polyphenylene 1, resulting in 5/6™ fused 4 as the major
product in 60% yield. Since the DDQ/H" route did not result in
other partially fused products, 5/6™ fused 4 was isolated in good
yield and the purification was relatively straightforward. Inter-
estingly, the five C-C bond closures have taken place at the
same positions as in the 5/6™ fused product obtained via FeCl,
and AICl; (as confirmed by NMR analysis, see S31). Further-
more, with extended reaction times (up to 5 days) and the excess
addition of FeCl; (60 equivalents), we were unable to obtain
complete ring closure in either ter¢t-butyl functionalised asym-
metric 1 or symmetric 2. Given recent literature reports of the
efficacy of using stronger acids in the DDQ/H" process partic-
ularly in electron poor polyphenylenes,* the authors modified
their reaction conditions to determine if CF;SO;H would
improve the outcome of the reaction. No change was seen either
in the nature of the products arising or the yield of 4 produced.

A second series of methoxy-functionalised 6N polyphenylenes
was synthesised via cobalt mediated cyclotrimerisation using
5-(3,4,5-trimethoxyphenylethnyl)pyrimidine as the precursor
(Scheme 2). The methoxy groups were incorporated to increase
the efficiency of the subsequent oxidative cyclodehydrogenation
step.*" Both asymmetric 3,5,6-tri-(3,4,5-trimethoxyphenyl)-1,2,4-
tri-(5-pyrimidyl)benzene (6) and symmetric 2,4,6-tri-(3,4,5-
trimethoxyphenyl)-1,3,5-tri-(5-pyrimidyl)benzene ~ (7)  were
successfully isolated via column chromatography in 63% and
17% yields respectively (Scheme 2).

Oxidative cyclodehydrogenation of methoxy-substituted asym-
metric 6 under FeCl;-mediated oxidative cyclodehydrogenation
resulted in fully fused (six C-C bonds formed) 8. Preliminary mass
spectral analysis of the crude material indicated the presence of
a mixture of products [see S4(c)i], showing the presence of the
fully-fused product 8, along with a 5/6™ fused product (five C-C
bonds formed). Preparative plate chromatography (SiO,) using
toluene : methanol (20:1) as eluent proved to give the best
separation. The isolated yield of the pure fully-fused product 8 was
low (10%) due to the challenges faced in purification, however 8 is
the first example of a fully-fused hexaazasuperbenzene (HASB).
Under FeCl; mediated oxidative cyclodehydrogenation, symmetric

This journal is © The Royal Society of Chemistry 2017
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7, resulted in the fully-fused and 5/6™ fused compounds according
to mass spectrometric evidence of the crude [see S4(d)f]. In this
case the two products could not be separated despite attempting
various purification methods.

Fig. 1a compares the absorption spectra of compounds 3, 4,
5 and 8 along with a 4N tetraaza reference compound (N-HSB)
in toluene. 4 and 5, with similar degrees of aromaticity, show
similar structural features in their absorption spectra, e.g.
23bs = 325 nm. In comparison the 2/3™-fused 3 shows a slightly
hypsochromically shifted spectrum, due to the decrease in size
of its aromatic platform. The methoxy HASB 8 shows the typical
structured UV-Vis absorption spectrum of a rigid, fully-fused
system centred around 23bs — 365 nm.

Methoxy functionalisation has bathochromically shifted the
Amax absorption compared to all carbon HBC** and N-HSB
(Fig. 1), which typically show an absorption maxima band at
Amax 355 nm. This band is characteristic of the  band described
by Clar,* which is generally 7w—mt* in character with some n-m*
character for N-containing systems. In comparison to the
reference N-HSB molecule, the electron-donating methoxy
substituents in 8 destabilise the HOMO to a greater extent while
the increased N content stabilises the LUMO. A combination of
both these effects results in a reduced HOMO-LUMO gap, and
the relatively red-shifted absorption spectrum of 8 compared to
N-HSB (Fig. 1a). This gap can be calculated directly using the a-
band position of the compounds, revealing that the gap is
smaller for 8 (2.52 eV) than N-HSB' (2.58 eV) and its methoxy-
substituted diaaza (2N) analogue (2.61 eV).*

The overlaid emission spectra of HASBs 3, 4, 5 and 8 along
with reference compound N-HSB are shown in Fig. 1b. A
comparison of the spectra of 5/6th fused 4 and 5 shows that
they have similar spectral shapes, with A&, = 495 nm. The 2/3"™-
fused 3 exhibits a relatively blue-shifted spectrum in comparison,

o
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with Ajia = 463 nm and a second band appearing at A = 495 nm,
due to its reduced aromaticity. It is interesting to note that the
emission spectra of the 5/6™-fused products resembles that of N-
HSB, with a common A3, = 494 nm in toluene. Furthermore,
comparing diaaza® (2N) and the all carbon analogue HBC,*
a trend is apparent that upon increasing the number of the N-
dopants in the platform, the vibronic structure observed in the
emission is lost. This is mainly due to the availability of hydrogen
bonding sites on the molecule.

Solvent dependency studies are a useful tool to investigate
the nature of the electronic transitions in absorption and
emission spectra. The solvent dependent absorption studies of
4 (Fig. 2a) show a bathochromic shift along with a slight
broadening of the lower energy bands on increasing the polarity
of the solvent. The corresponding solvent dependent emission
study is presented in Fig. 2b. The compound is intensely fluo-
rescent, and exhibits prominent vibrational progressions in
non-polar solvents (e.g. hexane). As the solvent polarity
increases, the vibronic progression is lost and a broad emission
results, particularly in methanol. There is a significant bath-
ochromic shift of the Apax (~2900 em™") in going from hexane
to methanol. This agrees with the assignment of the first excited
state S; as having '(m—m*) character.** The enhanced interaction
of the more polar solvent molecules with the chromophore in its
excited state (often via H-bond formation), lowers its excited
state energy and shifts the emission to longer wavelengths.

The 6N methoxy substituted 8 shows a broad emission with
Aimax = 515 nm and is further red-shifted compared to its tert-
butyl counterparts (3, 4 and 5) (see Fig. 1b). Both the inclusion
of electron-donating methoxy substituents and the increase in
conjugation contribute to the red-shift in emission observed in
8. All of the HASB systems showed comparable lifetimes in the
ns range (4-8 ns) at room temperature (Table 1). These
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Fig. 1 Normalised (a) UV-Visible absorption spectra and (b) emission spectra of 3, 4, 5, 8 and N-HSB (Aexe = 360 nm, ~10~° M) in toluene.
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Fig. 2 The (a) absorption and (b) emission spectra of 4 in the indicated solvents (~107° M) at RT.

nanosecond scale lifetimes further confirm that the emission is
mainly from the '(r-7c*) excited state. 4 displays an emission
quantum yield of &., = 0.3 in CHCl;. This slightly reduced
quantum yield relative to N-HSB (®.,,, = 0.4 in toluene) may be
a feature of its reduced planarity offering a mechanism to
deactivate its excited state via non-radiative pathways.

Cyclic voltammetric studies were carried out in dry, degassed
dichloromethane using a glassy carbon working electrode
(Table 1 and S71). 4 shows an irreversible first oxidation wave at
Ep,, = +1.25V, however the symmetric analogue 5 shows no clear
oxidation potential within the spectral window analysed (see S7
in ESIf). The 2/3-fused 3 (Ep, = +1.3 V) showed a slightly higher
oxidation potential compared to its 5/6™-fused counterpart 4.
The reduced aromaticity in 3 gives rise to a stabilized HOMO
making the oxidation in 3 slightly more difficult than 4. The low
yields obtained for 8 prevented electrochemical measurements.
From the extrapolation of data from previous 2N*' and 4N
systems synthesised by Draper et al., the degree of difficulty in

oxidation increases with an increasing number of N-dopants.
This is due to the reduced electron density in the aromatic
platform, leading to stabilisation of the HOMO. As a result, the
oxidation of the 6N systems was far more difficult compared to
their all-carbon, 2N or 4N counterparts.

The reduction potentials are mainly governed by the electron
withdrawing N-atoms present (Table 1 and S7}). Compound 4
shows three reversible reductions at E;,, = —1.57 V, —1.94 V and
—2.32 with 5 showing similar reduction behaviour (Ei, =
—1.55V, —1.91 V, —2.19 V). The reduction processes of 5 occur
in a broader window than those of 4 which shows a set of clear
sharp reduction waves. This supports the observation that 5
undergoes stacking in solution at higher concentrations. The
reduction potentials of the 6N systems show that they are more
readily reduced compared to the all-carbon, 2N or 4N systems.
This is consistent with the increasing electron accepting char-
acter of the molecules as a function of the pyrimidyl N-atoms
and the stabilisation of the LUMO.

Table1l UV-Visible absorption, emission spectral data in toluene (RT, ~107° M) and electrochemical data in CH,Cl, (0.1 M, "Bu4NPFg) for 3, 4, 5,

8 and THF for N-HSB at 298 K

413

Aem [NM] T/ns Oxidation E;,/V
Compound  Aaps [nm] (¢ x 10" [M™" em ™)) (Aexe [nm]) (Aexe [nm]) (Aam)  [AE, mV] Reduction E;,/V [AE, mV]
3 295(1.8), 357(5.0), 405(2.1), 463 max, 495 (360)  7.8(295/463) +1.3¢ —1.56[55], —1.88[59], —2.18[91]
423(2.0), 455(0.8)
4 323(11.3, 352(9.2), 385(7.8), 495(360) 6.9(340/495) +1.25% —1.57[48], —1.91[43], —2.19[45]
440(3.5), 468(2.2)
5 323(11.0), 352(9.1), 385(7.6), 495(360) 5.3(340/495) No oxidation”  —1.55[48], —1.91[43], —2.19[45]
440(3.3), 468(2.1)
8 325(6.0), 365(12.1), 386(8.1), 514(360) 4.6(340/514) — —
462(2.9), 492(3.3)
NHSB 339(5.7), 355(13.7), 376(5.4), 393(3.2), 494 max, 5244,(360)  13(340/494) +0.9¢ ~1.56[60], —2.00[102], —2.32¢
(

1.5), 451(1.0), 481(1.4)

“ Process is irreversible. ® No oxidation in potential window analysed.
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In summary, cobalt octacarbonyl-catalysed [2 + 2 + 2] cyclo-
trimerisations proved a convenient route to synthesise four 6N
containing polyphenylene precursors. The two tert-butyl
functionalised 6N polyphenylenes undergo oxidative cyclo-
dehydrogenation using various oxidants to give partially fused
systems. The incorporation of methoxy functional groups onto
the polyphenylene precursors however facilitates complete ring
closure via FeCl;. Cyclodehydrogenation using DDQ/H' was
demonstrated as a promising metal-free alternative route for
aromatisation of N-containing polyphenylene systems. It gives
rise to significantly increased yields and selectivity of ring
closure irrespective of the strength of the acid used. Pending the
development of appropriate ring-closure conditions, this
cyclotrimerisation approach could be used to access nano-
graphenes with a possible N-loading of 25 atom%. The novel
molecular systems generated in this work offer a new oppor-
tunity to investigate the influence of N-doping patterns on the
supramolecular architectures of the molecules themselves and
the nature and properties of their coordination complexes.
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