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An unprecedented azobispyrrole framework is introduced, wherein
two aryl-substituted pyrroles are joined by an azo (-N=—N-) linkage.
Functionalisation was demonstrated via pyrrolic N-methylation and
by —BF, complexation using the coordinating abilities of the pyrrolic
and azo nitrogen atoms. Control of co-planarity enables tunability
with maximal absorption and emission spanning almost 300 nm.

With emergent applications reliant on synthetic versatility and the
quest for enhanced tunability, the exploration of novel azo frame-
works is vibrant.! The potentiality of heteroaryl azo dyes, including
the promise of activation using red light, has led to a multitude
of next-generation frameworks demonstrating advantages over
the better understood and more widely utilised azobenzenes.
In terms of azo compounds featuring nitrogen-containing hetero-
cycles, recent reports describe the azo functionality flanked
by phenylazothiazoles® and pyrazoles,” as well as indoles and
pyrroles.”” Although the pyrrole heterocycle features in recently-
reported azo compounds bearing one® and two® 4,4-difluoro-4-
borata-3a-azonia-4a-aza-s-indacene (BODIPY) units, the incorpora-
tion of multiple pyrrolic units into azo compounds is significantly
underdeveloped.”'*™" As such, preparing and characterising
pyrrole-containing azo compounds offers significant allure.
Isolation of the substituted azobispyrrole framework reported
herein began with the search for F-aza-BODIPYS featuring sig-
nificant steric bulk across the pyrrolic backbone. Aza-dipyrrins
featuring tetra-aryl substitution patterns are typically prepared by
reacting the corresponding nitrobutanone with an ammonia
source."® Accordingly, we attempted to prepare aza-dipyrrin 4
(Scheme 1) by heating 4-nitro-1,3-diarylbutanone 2, bearing a
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bulky mesityl group, with NH,OAc in glacial acetic acid."® Two
solid materials were thus isolated; one red and one purple, the
latter matching our expectations for the anticipated aza-dipyrrin
4. As regards the red material, '"H and '*C NMR spectral data
indicated the presence of phenyl and mesityl units, and a pyrrolic
N-H feature. Furthermore, the >N NMR data indicated two
distinct nitrogen environments; as represented by resonances at
125 ppm and 526 ppm. Mass spectrometric analysis of the red
material revealed a sodiated molecular cation consistent with a
species composed of two pyrroles, two phenyl groups, two mesityl
groups and a total of four N atoms (two of which were presumed
to be part of pyrrolic heterocycles), together suggesting the
formation of the dipyrrolic azo compound 3 (Scheme 1): this
composition was confirmed via single-crystal X-ray diffraction
analysis (Fig. 1). Given the steric demand of the mesityl groups,
it appears reasonable that azobispyrrole formation is competitive
with aza-dipyrrin production'®"” since the symmetrical azobispyr-
role 3, with two nitrogen atoms separating the two pyrrole units,
positions the mesityl groups more distant to each other than in
the aza-dipyrrin 4. Despite extensive variation of reaction condi-
tions (solvent, temperature, mode of heating, time, stoichiometry,
nitrogen source), the isolated yield of 3 could not be enhanced
beyond 30%.

Azobispyrrole 3 crystallised in the centrosymmetric triclinic
space group P1 with one half of each of two unique molecules
in the asymmetric unit, along with one molecule of water. In
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Scheme 1 Synthesis of tetra-aryl azobispyrrole 3.
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Fig. 1 Structure of azobispyrrole 3. Thermal ellipsoids drawn at the 50%
probability level. Only one half of the molecule is uniquely defined. A
second molecule, the solvent molecule and the hydrogen atoms have
been removed for clarity.
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the solid state, the azo functionality is Z- (¢rans) in configu-
ration and is essentially co-planar with the flanking pyrrole
rings. However, the two phenyl rings make 22° and 23° angles,
in molecules 1 and 2 respectively, with the pyrrole-N—N-pyrrole
core plane and this arrangement is stabilised via hydrogen
bonding to water (see ESIt for full details). As expected, the
bulky mesityl groups lie almost perpendicular to the core plane.
No short stacking interactions were observed in the structure of
3, or in any of the solids studied.

Given the voraciousness of the search for electronically tunable
azo compounds, synthesis of the substituted azobispyrrole frame-
work represents a considerable advance. As such, the reactivity of
azobispyrrole 3 was explored. Treatment of 3 with methyl iodide,
under basic conditions (Scheme 2), gave rise to the methylated
analogues 5a and 5b. A crystal structure of the dimethylated
azobispyrrole 5a was refined as a pseudo-merohedral twin in
the triclinic space group P1 (see ESI7 for full details), and a planar
pyrrole-N—N-pyrrole motif observed. The phenyl groups are
twisted out of the core plane courtesy of steric interactions with
the N-methyl groups, and the mesityl groups are of course again
out of plane with the central core.

With boron-containing heterocyclic complexes, including
those featuring azo functionality,"®'® exhibiting tunable emis-
sion properties,?**! attention then turned to the synthesis of a
boron difluoride adduct of 3. A solution of the azobispyrrole 3
in CH,Cl, was treated with BF;-OEt, in the presence of NEt;,
rendering loss of the red colour and isolation of a blue solid
(Scheme 3). Despite surviving the aqueous work-up, the -BF,
adduct 6 proved to be slightly sensitive to moisture in the solid
state, with decomposition to the ligand 3 ensuing.

The -BF, adduct 6 crystallised in the non-centrosymmetric
orthorhombic space group Pra2,, with one molecule of the
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Scheme 2 Synthesis of methylated azobispyrroles.
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Scheme 3 Synthesis of azobispyrrole —BF, adduct 6.

product and one molecule of acetonitrile solvent within the
asymmetric unit (Fig. 2). The non-centrosymmetric space group
highlights the stereochemical consequences of the diastereo-
topic fluoro substituents at boron, courtesy of the atropisomer-
ism stemming from restricted rotation of the sterically bulky
mesityl groups. The boron is complexed such as to form a five-
membered ring that is reliant on the Z-configuration across the
N=N double bond. Formation of a five-membered ring invol-
ving boron and nitrogen atoms, as well as the pyrrolic con-
struct, is somewhat reminiscent of the BOIMPY motif.*?
Furthermore, the two nitrogen atoms not bound to boron
within 6 are involved in hydrogen bonding along with the
nitrogen atom of the acetonitrile solvate, resulting in a five-
membered ring featuring the N-H---N motif: as such, five-
membered rings are evident on both sides of the central azo
unit. Insertion of an additional -BF, unit, utilising the uncom-
plexed nitrogen atoms in 6, proved challenging such that
isolation of the desired product was elusive.

The entire phenyl-pyrrole-N=—=N-pyrrole-phenyl motif in 6 is
essentially planar, complementing the inherent three-
dimensionality of the tetrahedrally-coordinated boron atom
and the mesityl ring planes positioned ~80° relative to this
main plane (see ESIT for full details). The mean plane defined
by all the central core (non-hydrogen) atoms plus all carbon
atoms of the two phenyl rings has a mean deviation of 0.22 A, a
relatively small value considering the number of included
atoms. The inclusion of the phenyl rings in the same plane
as the central core in 6 facilitates conjugation and manifests in
a red-shifted absorption profile cf. the parent compound 3. The
co-planarity of the phenyl rings with the central core also allows
the formation of a bifurcated hydrogen bond between the
ortho-H of the phenyl ring and both fluoro atoms of the BF,
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Fig. 2 Structure of —BF, adduct 6. Thermal ellipsoids drawn at the 50%
probability level. The solvent molecule and the hydrogen atoms have been
removed for clarity.
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Table 1 Absorption and emission data for solutions of 3—6

UV-Vis absorp- Molar absorptiv- Fluorescence  Stokes
tion maxima ity & (mol L™* emission (Amayx shift
Solvent (Amax abs nm)  em™) x 10* em nm)“ (nm)
3 MeCN 504 6.3 602 98
522 6.3
DMF 504 5.1 583 79
532 5.2 606
THF 504 5.1 565 61
529 4.9 603
CH,Cl, 513 6.1 576 63
534 6.1
4 MeCN 570 4.0 635 65
DMF 576 3.8 634 58
5a MeCN 510 2.8
DMF 514 2.8 599 85
5b MeCN 512 3.7 594 82
DMF 518 3.7 596 78
6 MeCN 666 4.7 — —
DMF 672 4.8 — —

“ Excited at 504 nm. ? In all cases, emission was sufficiently weak to
prevent calculation of quantum yield.

group on one side of the molecule, and on the other side of the
molecule H- - -N intermolecular interactions also stabilise crys-
tal packing.

The solvatochromic absorption properties of solutions of
azobispyrroles 3, 5 and 6 in various solvents are shown in
Table 1 (see ESIf for full details, Fig. S1-S30, ESI{), and the
relative absorption profiles of solutions in MeCN are plotted in
Fig. 3. The aryl substitution of 3 engenders a significant bath-
ochromic shift in the absorption maximum c¢f the parent
compound with A.cabs = 429 nm,*° an effect which is main-
tained for the methylated analogues 5a and 5b. Solutions of the
-BF, adduct 6 exhibit a A, absorption value of 666 nm,
representing a ~ 160 nm bathochromic shift ¢f. the free ligand
3. This is attributable to the stabilising effect of the -BF, group
upon co-planarisation and n-electron delocalisation within the
core framework, as well as to the additional conjugation
brought about by the phenyl groups being co-planar with the
central pyrrole-N—N=—pyrrole core in 6 cf. 3 and 5a, as evident
in the solid state (Fig. 2).

The stability of 3 in various solvents was then determined
(Fig. S31-S39, ESIf). Solutions of 3 in MeCN and DMF were
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Fig. 3 Normalised absorption spectra for 3—6 in MeCN.
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found to be more stable than those in CH,Cl,. Furthermore,
solutions of 3 maintained in the dark and/or under anhydrous
conditions were more stable than those exposed to sunlight.
Exposure to light led only to decomposition, with no evidence
for photoswitching of the azo group between Z and E config-
urations: this is unsurprising, given the significant steric
crowding that would occur in an E configuration. The absorp-
tion properties of 3 were then explored in a range of solvents of
varying polarity and viscosity, with significant solvatochromism
observed (Fig. S40 and S41, ESIt). Intriguingly, azobispyrrole 3
exhibited only very weak fluorescence when soluble, yet visibly
stronger fluorescence when present as a suspension or as a
solid (Table S1, ESIT). Two different colours of fluorescence
emission were sometimes, dependent upon mode of prepara-
tion, apparent to the naked eye, one more reddish and one
more orange (Fig. S42, ESIY), yet the observed colour seemed
not to necessarily correlate to the viscosity or polarity of the
medium. The most stable suspensions were formed in dipro-
pylene glycol and PEG-400, which gave relatively homogeneous
dispersions persisting over many days (Table S1, ESIf). A
suspension of 3 in sulfolane persisted a few days while less
viscous media resulted in suspensions that quickly settled.
The origins of the variable and nonlinear responses with
concentration of solutions and suspensions of azobispyrrole 3
were further investigated given the possibilities of aggregation-
induced emission®® and the solid-state emission of organic
chromophores.”* The emission spectra of solutions of 3 at
various concentrations in MeCN were recorded (Fig. 4, left).
As concentration was increased, emission at 625 nm (excitation
at 325 nm) increased in a positive non-linear fashion cf. that at
415 nm (Fig. 4, right). The bathochromically-shifted emission
at higher concentrations suggests an aggregation effect; and
this was confirmed by comparison of emission intensity at
625 nm of 3 in MeCN versus 3 in PEG (Fig. S43, ESIt). Similarly,
the large Stokes shift values suggest structurally distinctive
ground and excited states, and inspire thorough analysis.>> >’
Visual analysis of mixtures containing higher concentra-
tions of 3 suggested emission associated with the presence of
suspended material at higher concentrations (Table S1 and
Fig. S44, ESIt). Presumably aggregation of 3 occurs as a result of
n-stacking of the delocalised framework, although enhancement
by hydrogen bonding, as seen in the solid-state structure for 3,
is presumably also feasible in solution. Significant non-linear
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Fig. 4 Left = emission spectra of azobispyrrole 3 in MeCN at various

concentrations, with excitation at 365 nm; right = ratio of emission at

625 nm versus 415 nm at various concentrations, with excitation at

365 nm.
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responses with concentration were observed for absorption and
for emission upon the addition of MeOH or water to a solution
of 3 in MeCN, thereby reducing the solubility and enhancing
aggregation (Fig. S45-S48, ESIt). In contrast, when a solution of
3 in MeCN was treated with increasing amounts of toluene, loss
of emission intensity at 625 nm was observed. This suggests
reduced aggregation due to disruption of m-stacking by the
toluene. Finally, although solid samples of 3 were seen to
fluoresce slightly as a powder and on silica TLC plates, spectro-
scopic analysis of solid prepared by air-drying a drop of a solution
of 3 in MeCN revealed only weak emission ¢f. the original solution
from which the solid sample was prepared (Fig. S49, ESIT).
However, the solid samples gave rise to nearly equal distributions
of emission peaks corresponding to monomer (4max 415 nm) and
aggregates (Amax 625 nm).

In summary, the unprecedented tetra-aryl azobispyrrolic
framework is introduced herein. Characterisation of 3 reveals
that absorption and emission parameters are solvent depen-
dent. Furthermore, solutions of azobispyrrole 3 exhibit
concentration-dependent behaviour that is modified via the
disruption of n-stacking by toluene, and through the addition
of polar solvents. Reactivity of the azobispyrrole construct is
briefly explored, demonstrating the potential for tunability of
photochemical properties through post-synthetic modification
as well as vig variation of the key nitrobutanone starting
material. Characterisation of each of the frameworks via single
crystal X-ray diffraction analysis reveals the potential to extend
n-delocalisation by manipulating the orientation of the flank-
ing terminal a-substituents of the pyrroles, which presents
another opportunity by which to achieve significant tunability
of the photochemical potential of the novel azobispyrrole
framework. Future work involves development of enhanced
synthetic methods to azobispyrroles, such as to enable a
thorough exploration of the tunability of photochemical prop-
erties through variation of substituents that influence conjuga-
tion across the framework.
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