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Fundamental studies to emerging applications
of pyrrole-BF, (BOPHY) fluorophores

Aisha N. Bismillah "' * and Ivan Aprahamian (2/*

BF,-based fluorophores, such as the well-known BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)
dye, are prevalently used in diverse research areas (e.g., bioimaging and chemosensing) as they exhibit
promising features including high quantum yields, fine-tuned absorption and emission spectra as well as
good photostability and biocompatibility. While BODIPY dyes are most commonly used in such applications,
other BF,-based fluorophores, such as BOPHY (bis(difluoroboron)-1,2-bis((1H-pyrrol-2-yl)methylene)hydrazine —
which possess their own characteristic features — are rising in popularity and are being used in a range of
applications spanning from molecular sensors to photosensitizers for solar cells. This review examines select
examples of BOPHY dyes to highlight the progression of their development while detailing their syntheses
and photophysical properties including structure—property relationships. Applications of a number of substi-

rsc.li/chem-soc-rev

1. Introduction

Organic fluorescent dyes are indispensable and powerful tools
at the disposal of scientists investigating chemical, physical,
biological events and processes. The chemical and structural
versatility of organic chromophores such as coumarins,' naphthali-
mides,” fluoresceins,® and others*™® allow for the fine tuning of
properties (e.g., Stokes shifts, emission quantum yields (&),
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tuted BOPHYs made by the methods described in this review are also presented.

absorption, and emission spectra) to accommodate important
and particular functions. It is no wonder then that these
chromophores are used in a diverse array of applications which
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range from biological probes, molecular sensors,
fluorescent markers'” to light harvesting agents,'® organic light-
emitting diodes,'® and optoelectronic device components.”*>?
Among all the synthetic fluorophores with tunable photophysical
properties, tetracoordinated BF,-hybrid complexes of n-conjugated
chelates occupy a privileged position because of their ease of

synthesis, high chemical and photochemical stability as well as
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Fig. 1 The core skeletal structures of nitrogen—boron—-nitrogen chelated BF,
compounds derived from dipyrrin (1, BODIPY), aza-dipyrrin (2, aza-BODIPY),
hydrazone (3, BODIHY), anilido pyridine (4), dipyrromethanes (5, BOIMPY),
dipyrrin (6, aza-BOIMPY), indigo-N,N’-diarylamine (7) and hydrazine (8, BOPHY).

desirable photophysical properties. These characteristics have
allowed BF, complexes to be used in data storage,** electro-
chromic devices,> photoconductors,?® and as both in vitro and
in vivo imaging agents,>”>° photodynamic therapy devices,** >
as well as bioconjugated probes and immunoassay labels.>*
One of the most well-documented boron-centered fluoro-
phores is BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)
(1; Fig. 1),° with its versatile, readily accessible and easy to
functionalize boron-dipyrrin skeleton. This structural adapt-
ability of BODIPY allows for the fine-tuning of key (photo)phy-
sical properties, such as its molar extinction coefficient (),
thermal resistance, photostability, and @¢.° Nonetheless, BOD-
IPY dyes are limited by their weak emission in the solid state,
which results from self-absorption as well as aggregation-
induced emission quenching. Overall, these shortcomings pre-
sent boundaries, impacting the applicability of these dyes, for
example, when visualizing the cellular environment®” or devel-
oping optoelectronic devices.?® Although some studies have
reported enhanced solid-state emission®>*® through the addi-
tion of bulky substituents, or when merged with polymers,
these approaches are only partially successful and can result in
unwanted side effects (e.g., changes in photophysical pro-
perties).*" As a consequence of these limitations, in combination
with the drive for new fluorescent scaffolds to enrich the pool of
fluorophores for downstream applications, analogous architec-
tures of BODIPY have been developed. Examples of such chromo-
phores are ones derived from aza-dipyrrin (2, aza-BODIPYs),*> *°
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hydrazones (3, BODIHY),*"*® anilido pyridine (4),"”*® dipyrro-
methanes (5, BOIMPYs)," dipyrrin (6, aza-BOIMPYs)*® and
indigo-N,N’-di-arylamine (7)." Moreover, other systems based
on nitrogen-boron-oxygen bridges instead of the nitrogen-boron-
nitrogen bridges found in BODIPY have also been developed.**™>*
One of the more recently developed tetracoordinated BF,
complexes is known as BOPHY (bis(difluoroboron)-1,2-bis((1H-
pyrrol-2-yl)methylene)hydrazine) (8), which was first developed
by Ziegler and coworkers in 2014.°>°® This dye is based on
pyrrole-boron difluoride and includes two BF, units. This
BOPHY fluorophore has been quickly adopted by practitioners
because of its promising properties (e.g, high &; values) which
have directly led to applications in several sectors — pH sensing,
ion detection, heterojunction solar cells and photocatalysts for
hydrogen production. While this dye is closely related and
somewhat similar in structure to BODIPY,” it possesses its
own unique features, such as @ values nearing unity and
slightly higher Stokes shifts (although the substitution pattern
must be taken into account). In this review, we highlight a
series of publications showing the progression of the BOPHY
dyes over the past few years, with a focus on their synthesis,
spectroscopic characteristics, and emerging applications.

2. General synthesis and properties of
the BOPHY core

The BOPHY core (Fig. 1) is comprised of four 5,6,6,5-tetracyclic
rings: two pyrrole rings at the periphery and two six-membered
rings in the middle, each containing a BF, moiety.>® The
fluorophore is rigidly planar, possesses an inversion center
(Con symmetry), and has ao-, B-, and meso-positions that can
be functionalized. The general synthesis of BOPHY (Scheme 1) -
which is also used to synthesize BOPHY 8 - starts with a
formylated pyrrole.>® Condensation with hydrazine hydrate in
the presence of a catalytic amount of acetic acid provides the
azine within an hour at room temperature. The addition of
the Lewis acid boron trifluoride diethyl etherate, and either
N,N-diisopropylethylamine or triethylamine as a base, yields
the fluorophore after reacting for 24 hours. Slight variations in
the synthetic procedure are required for compounds containing
halogens - addition of the halogen group can either occur on
the azine or after the BOPHY chromophore is formed.

The structures of the first BOPHYs synthesized 8 and 9 were
elucidated via X-ray crystallography (Fig. 2). Analysis of the
single crystals confirmed the presence of four rigid ring structures
in the chromophore, two five-membered pyrrole units (where the
dihedral angles are less than 2.7°), and two central BF,-containing
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N . 7 SN HN ; SN
R~ O_ HNNHyHO o 4 : Nr, BF,-Et,0 _ \\ N™INTY R,
NH EtOH / cat. AcOH NH Ny -~ CH,Cl, / DIPEA N N A
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9-17

Scheme 1 General synthetic pathway for the BOPHY chromophores 9-17
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Fig. 2 X-Ray structures of BOPHY complexes 8 and 9 shown in ball and
stick representations. Fluorine, boron, nitrogen, carbon, and hydrogen atoms
are indicated by green, light orange, blue, black, and white respectively.

six-membered rings where only the fluorine atoms deviate from
the plane. The crystal structures also show intramolecular C-H- - -F
hydrogen bonds between the fluorine atoms and hydrogens atoms
at the o~ and meso-positions.>

Unfunctionalized BOPHY 8 exhibits two distinct absorption
bands with maxima (Amnax) at 424 and 442 nm in dichloro-
methane (CH,Cl,), with molar extinction coefficients of 40 900
and 38600 M~ ' cm ', respectively (Fig. 3a and Table 1). The
origin of these bands has been attributed to single photon
processes, alluding to vibrational progression in the excited
state.>® These observations are corroborated by time-dependent
density functional theory (TD-DFT) calculations, which reveal
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an energy difference (1.3 vs. 1.6 kcal mol™") between two geo-
metries of 8 with C, and C; symmetries.®® These geometries
arise when the boron atoms deviate from the central plane
either in the same or opposite side, respectively. Compound 9
displays slightly red-shifted absorption bands with A, at 444
and 467 nm, and with similar extinction coefficients of 37 500
and 37400 M~' ecm™". Both complexes exhibit two emission
bands in solution (em = 465 and 493 nm for 8, and ey, = 485
and 518 nm for 9), with @; in CH,Cl, approaching unity (0.95
and 0.92 for 8 and 9, respectively). The absorption and emission
maxima of complexes 8 and 9 display only slight solvent depen-
dency and have similar fluorescence lifetimes (2 ns) when
compared against classical BODIPYs.*® Solutions of 8 and 9 are
stable towards light and air for days, and continuous irradiation
of 8 in toluene with a 500 W xenon lamp shows excellent
photostability with more than 98% of the compound remaining
after an hour. The photostability was also demonstrated to be better
than fluorescein in a dimethyl sulfoxide:water (1:1) mixture
(Fig. 3b).*®

Compounds 8 and 9 show strong fluorescence emission in
the solid state and as thin films (Fig. 3c), whereas BODIPY dyes
barely exhibit fluorescence in the solid state.>> The absorption
and emission bands are bathochromically shifted with respect
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Fig. 3 (a) Chemical structures of BOPHYs 8 and 9. (b) Absorption and emission spectra of 8 and 9 in CH,Cl,. (c) Photostability assessment of 8
(DMSO :H,0, 1:1) relative to fluorescein (0.1 M NaOH solution) by absorbance monitoring during continuous irradiation with a 500 W Xe lamp over
44 minutes (30 mW cm™2; >395 nm light used; 25 °C). (d) Normalized absorption and emission spectra of 8 in CH,Cl,, as thin films, and a solid powder.
(e) CVs of 8 and 9 (1 mM) measured in a CH,Cl, solution at 25 °C containing TBAPFg (0.1 M) as the supporting electrolyte, glassy carbon as the working
electrode with a scan rate at 50 mV s~*. Adapted with permission from ref. 38 and 55. Copyright 2014 American Chemical Society.
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Table 1 Spectroscopic properties of BOPHYs 8-17

;Labsa /lema

Compound R' R> R® Solvent (nm) (nm) [N

8 H H H CH,Cl, 424,442 465,493 0.95"
9 Me H Me CH,Cl, 444,467 485,518 0.92°
10 COOEt Me Et CH,Cl, 455,480 504 1.00°
11 Me Et Me CH,Cl, 478,453 497 1.00°
12 Br H H THF 459,439 482 0.25d
13 H Br H CH,Cl, 439,455 488,515 0.20°
14 Br Br H CH,Cl, 455,477 505,537 0.61°
15 Br Br Br CH,Cl, 465,488 513,546 0.6%°
16 Cl H H Toluene 464, 442 484,512 0.85
17 Me I Me THF 475 496 0.17¢

¢ Secondary maxima are italicised. ? Calculated using coumarin 540 in
MeOH as a standard. ° Calculated usmg fluorescein in a 0.1 M NaOH
solution as a standard. ¢ Calculated using rthodamine 6G in air equili-
brated water as a standard. ¢ Calculated usmg complex 8 in CH,Cl, as a
standard. / Calculated using coumarin 153 in EtOH as a standard.

to the bands observed in solution. Complex 8 shows fluorescence
as a solid powder at Ao, = 543 nm (¢ = 0.12), whereas complex 9
displays fluorescence at ey, = 550 nm (¢ = 0.28). Cyclic voltam-
metry (CV) was also used to probe the electronic structure of these
compounds (Fig. 3d). The results show an irreversible reduction
wave for 8 and 9, with cathodic peak potentials (Ep) at —1.14 and
—1.03 V, respectively. On the other hand, an irreversible oxidation
wave with an anodic peak potential (Ep,) at 1.40 V was measured
for 8, whereas 9 has a reversible oxidation wave with an E, at
1.51 V and a peak potential (E;,,) at 1.46 V (vs. saturated calomel
electrode (SCE)).*

Since the discovery of the initial BOPHYs 8 and 9, analogous
systems have been synthesized and the comparison between
these systems has resulted in useful insights into important
structure-property relationships. The BOPHY core functiona-
lized with ester, methyl and ethyl groups at the a-position(s)
(10-12) have @; values nearing unity in CH,Cl, - these are the
highest values observed for BOPHY dyes.*® Substitution in the
o- and PB-position(s) with either a methyl, ethyl, or an ester
group results in a bathochromic shift of 1,55 and Ay, in com-
parison to the parent BOPHY (8). In general, brominated
derivatives (12-15) uniformly display reduced @; values. Bromi-
nation at the B-position® (13) provides a &; of 0.20, however
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this value increases slightly to 0.25 when the BOPHY motif is
brominated at the a-position (12).°> Further substitution with
additional bromine groups to the BOPHY scaffold (14 and 15)*
increases the @; value to 0.61 and 0.69, respectively (Table 1).
This data shows that the degree of bromine groups appended to
the BOPHY core, affects the @¢value (i.e., the more bromine groups,
the higher the @). A chlorine substituent at the o-position® (16)
results in a high &; of 0.85 (the highest value for a BOPHY dye
substituted with a halogen), on the other hand this value drops
dramatically to 0.17 upon functionalization with an iodine at the
B-position® (17). The low @; values of 13 and 17, which are both
mono-halogenated at the p-position, suggests that such functiona-
lization should be avoided if high @ are desired. Complex 8, which
is unsubstituted, displays the lowest /. value of all the dyes in the
series (Table 1), whereas complex 11 displays the greatest bath-
ochromic shift (54 nm) relative to the parent system 8. The Aepy, Of
15 is 513 nm, which is the largest red-shift (48 nm) relative to
complex 8.

3. Synthesis and spectroscopic
properties of BOPHYs with extended
n-systems

The n-conjugation in the BOPHY dyes can be easily extended
through the use of commercially available and synthetically
accessible substituted pyrroles, or cross-coupling reactions
starting from halogenated derivatives. These structural mani-
pulations in turn, enable the fine-tuning of the photophysical
properties of this family of dyes. For example, fusing a phenyl
ring to both B-positions gives access to BOPHY derivatives that
absorb in the far-red region. In this section we discuss the synthesis
and spectroscopic properties of BOPYs whose m-systems are
extended through derivatization of the o- and B-position(s).
One of the earliest structural modifications of the BOPHY
core was reported by Son and coworkers®* who described the
synthesis (Scheme 2) and spectroscopic characterization of the
alkyne derivatives 19-24. The synthetic procedure starts with
the iodination of precursor 9 (Scheme 1) at the B-position(s)
(17 and 18) using either N-iodosuccinimide or a mixture of iodine

"
\ \N
4§\EI\(\, \):\>7

CHs HsC F
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HsC E. 'F CHs Pd(PPh,), / Cul
e N 5 o Et;N / THF / A
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Scheme 2 Partial synthetic route towards the linearly extended BOPHY chromophores (19-24).
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Table 2 Spectroscopic properties of BOPHY complexes 19-24

dabs™  Jem™ (M) e (NM) e (nm)

Compound (nm) solution solid film &

19 453,475 499,530 554 507, 536 0.83
20 456, 457 509, 536 564 520, 544 0.70
21 459,479 523 572 540 0.35
22 464, 468 512, 544 561 520, 542-550 0.73
23 470, 489 524 591 536 0.72
24 468-495 536 599 547 0.46

“ Secondary maxima are italicised. ? Spectra are recorded in 1,4-dioxane.
¢ Calculated using quinine sulfate in a H,SO, solution as a standard.

and iodic acid. The selectivity of the mono- or di-iodination was
found to be strongly dependent on the number of equivalents of
the halogenation reagent(s) used relative to complex 9. Treatment
with only one equivalent of the halogenation reagent results in 18
as the major product in modest yield (40%), with a minimal
amount of 17 produced. Adding two equivalents of the halogena-
tion reagent results in complex 17 in a high yield (85%). After
iodination, a Sonogashira coupling reaction was used to attach
the alkyne group producing complexes 19-24, in moderate (50%)
to high (79%) yields. Brominated derivatives can also be used in
the same reaction sequence to yield the target complexes.

The introduction of the functionalized alkyne group(s) to the
BOPHY core (19-24) red-shifts the main absorption band
(Table 2) of the dye in comparison to complex 9 (Table 1), with
the largest red shift occurring in dyes 20 and 24 which possess
phenyl group terminated alkynes. The same trend is observed
for the emission bands. Dyes 9 and 19-24 are emissive in the
solid state as well, with the emission maxima being bath-
ochromically shifted in comparison to the solution state. The
¢ values of 9 and 19-24 vary from 0.35 to 0.83, with complexes
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21 and 24 having the lowest values in the series. This observa-
tion is attributed to intramolecular charge transfer (ICT) from
the anisole-ethynyl fragment to the BOPHY core, but additional
photo-induced electron transfers and faster internal conversions
from the excited state to the ground state (i.e., conformation
changes) cannot be discounted.®* Density functional theory
(DFT) studies were used to study this effect. The lower & values
of complexes 21 and 24 were ascribed to a large difference
observed in the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular (LUMO) electronic distributions.
This large difference allows the ICT process to be more effective
for excitation and emission, leading to the lower ®¢ values.

In 2016, Jiao and co-workers designed a-benzo-fused and
B-thiophene-fused BOPHY derivatives 25-29 (Fig. 4).®> Chromo-
phores 25-27 were synthesized with overall yields ranging from
34 to 38% following the procedure shown in Scheme 1 starting
from appropriately functionalized pyrroles. Complexes 28 and
29 were also synthesized (yields of 34 and 30%, respectively)
following Scheme 1 also starting with an appropriately deriva-
tized thienopyrrole.

The Amax Of the a-benzo-fused BOPHYs 25-27 are at 567, 571
and 563 nm in CH,Cl,, respectively. The B-thiophene-fused
BOPHYs 28 and 29, are red-shifted to /,.x = 591 and 600 nm
in CH,Cl,, respectively as a consequence of the extended
n-delocalization (Fig. 5a). In comparison to the parent BOPHY
(8), the Amax of 26 is bathochromically shifted by over 140 nm,
whereas 28 has a bathochromic shift of over 175 nm. Red-
shifted fluorescence bands in CH,Cl, are also observed for all
the dyes with ., ranging from 602 to 648 nm (Fig. 5b).
Increasing the solvent polarity from toluene to acetonitrile
induces a minor blue-shift in the absorption and emission
bands (e.g., Zem for 25 in toluene is 611 nm and 601 nm in
acetonitrile), though no explanation is given for this effect.

Fig. 4 Chemical structures of a-benzo-fused (25-27) and B-thiophene-fused (28 and 29) BOPHY derivatives.

This journal is © The Royal Society of Chemistry 2021
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OPHY complexes 8 and 25-29 in CH,Cl, (solid lines) and in the solid state
7-tetramethyl BODIPY in air-saturated toluene by absorbance monitoring

during continuous irradiation with a 500 W Xe lamp over 60 minutes (35 mW cm™2; 25 °C). (d) CVs of 8, 25 and 27 (1 mM) measured in CH,Cl, at 25 °C

containing TBAPFg (0.1 M) as the supporting electrolyte, glassy carbon as the
from ref. 66. Copyright 2016 American Chemical Society.

The & values of 25-29 in various solvents range from 0.22 to
0.64, decreasing slightly when the solvent is changed from toluene
to acetonitrile. In CH,Cl,, the B-thiophene-fused BOPHYS 28 (e, =
631 nm, ¢ = 0.60) and 29 (Aey, = 648 nm, P; = 0.50) emit strongly in
the red region. o-Benzo fused BOPHYs (25-27) show weaker
emission in the red region with @ values ranging from 0.31 to
0.36. The & values of all these complexes are all lower when
compared against the parent BOPHY system 8. Powders of a-Benzo-
fused BOPHY 25 and B-thiophene-fused 28 show near-infrared
(NIR) fluorescence centered at 701 nm (&¢ = 0.10) and 717 nm
(®¢ = 0.13), respectively (Fig. 5b). BOPHY dyes 25-29 also exhibit
high photostabilities (Fig. 5¢). Following irradiation over 60 minutes,
the absorbance of dyes 25-29 diminish slightly in comparison to
the well-known commercial dye 1,3,5,7-tetramethyl BODIPY (4,4~
difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indocene) whose
absorption diminishes to 76% of its original value under the
same conditions. DFT calculations were employed to estimate the
HOMO and LUMO energy levels and notably, the fusion of benzo
rings at the BOPHY core was found to cause a large increase
in the HOMO energy level. In comparison with 8, these results
indicate that benzene-fused structures mainly increase the
HOMO energy level, thus decreasing the energy band gap.®®

Liu and Han synthesized the furan analogues (30-32)%” as
shown in Scheme 3. The starting material 33 was synthesized
using a Suzuki-Miyaura cross-coupling reaction between com-
mercially available reagents 5-bromofuran-2-carbaldehyde and
4-anisylboronic acid. A Hemetsberge-Knittel reaction was then
employed to form 34, followed by regioselective bromination to

5636 | Chem. Soc. Rev,, 2021, 50, 5631-5649

working electrode with a scan rate at 50 mV s~. Adapted with permission

give either 35, 36 or 37 in high yields (>80%). A Suzuki-
Miyaura cross-coupling reaction between the corresponding
bromine derivatives and 4-anisylboronic acid affords com-
pounds 38-40. A decarboxylation reaction under basic condi-
tions afforded compounds 41-43, which were subjugated to
Vilsmeier-Hack reaction conditions to form the key precursors
44-46 in yields above 80%. These compounds were then used to
form the targeted BOPHY complexes in yields ranging from 45
to 52%.

Dyes 30, 31 and 32 exhibit a A, at 606, 622 and 624 nm,
respectively, in CH,Cl,. These values are marginally red-shifted
in comparison to the a-benzo- or B-thiophene-fused complexes 25—
29. The ¢ values range are 109700, 121300 and 123000 M ' em ™'
for 30, 31 and 32, respectively. The emission bands for BOPHYs 30,
31 and 32 (Fig. 6b) are also generally red-shifted in comparison to
25-29 with Ae, of 646, 661 and 667 nm, respectively. The absorp-
tion and emission maxima display minor solvent dependency, and
the dyes show high photostabilities in the solution state. The @
value of the dyes in CH,Cl, range from 0.34 to 0.40 with BOPHYs 30
and 32 displaying the highest and lowest values, respectively. DFT
calculations (Fig. 6¢) show that the HOMO and LUMO levels of dyes
30-32 have similar electronic distributions and that substitution at
the a-position of the furan ring with a 4-n-butoxyphenyl group can
induce ICT from the phenyl ring to the BOPHY core, resulting in
the modest &5 values.®”

In 2015, Ziegler and Nemykin synthesized a diferrocene-
functionalized BOPHY complex, which displayed a broad
absorption band with /4, at 700 nm. This band was attributed

This journal is © The Royal Society of Chemistry 2021
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Scheme 3 Synthetic route towards the furan-fused BOPHY chromophores 30-32.

to metal-to-ligand charge-transfer as well as core-centered n—m*
transitions with TD-DFT studies confirming this hypothesis.®®
Harriman and co-workers have also identified and quantified
unexpected long-range electrostatic interactions in a BOPHY
compound functionalized with two amine groups following
protonation or oxidation.®® Subsequently, Ziegler and Nemykin
studied the effect of electron-withdrawing ester groups affixed
to the B-pyrrolic position of the ferrocene-functionalized dyes
50 and 51.”° The complexes were synthesized (Fig. 7a) starting
from an appropriately functionalized pyrrole, which was sub-
jugated to Vilsmeier-Hack reaction conditions to install an
aldehyde functional group. The obtained pyrrole was then
reacted as shown in Scheme 1 to form the complex 52.
A Knoevenagel condensation of 52 with ferrocene carboxaldehyde
affords the BOPHY dyes 50 and 51 in low yields of 12 and 21%,
respectively.

The structure of complex 50 was elucidated by X-ray crystal-
lography (Fig. 7b), revealing an inversion center. The atoms
within the core of BOPHY 50 are coplanar with the vinyl
ferrocene substituents and one of the cyclopentadienyl rings
residing within the same plane. Both the phenyl and ester
functional groups are twisted in a perpendicular manner with
respect to the BOPHY core, suggesting a break in the n-conjugation
at these positions.”® The structure of BOPHY 50 is consistent with
the solid-state structures of the first BOPHY systems 8 and 9,
where only the fluorine atoms deviate from the plane.’>*® The
absorption spectra (Fig. 7c) of BOPHY complexes 50 and 51 are
similar to the first ferrocene-containing BOPHY®® synthesized by
Ziegler and Nemykin as well as ferrocene-functionalized

This journal is © The Royal Society of Chemistry 2021

BODIPYS.”" The absorption spectra show a narrow band with
Amax = 497 and 514 nm and a broader band at /,,,x = 606 and
656 nm for 50 and 51, respectively. Fluorescence in 50 and 51 is
quenched, confirming the presence of an electron-transfer path-
way from the ferrocene-centered molecular orbitals to the photo-
excited states of both compounds.

Inspired by dihalogenated BODIPY derivatives undergoing
SNAT reactions”?”’® with a wide range of nucleophiles, Hao and
coworkers used dibrominated BOPHY (14) to synthesize dyes
53-55 (Fig. 8a).°" Reacting 14 with either three or six equiva-
lents of n-butylamine in dichloroethane results in either the
monosubstituted BOPHY 53 or the disubstituted BOPHY 54,
respectively, in high yields (>80%). Dye 55 was obtained in a
78% yield by first reacting with the less reactive nucleophile
4-tert-butylaniline followed by a subsequent reaction with
diethylamine. The structure of BOPHY 55 was confirmed by
X-ray crystallography, revealing a highly twisted conformation
of the BOPHY core. The two amino-substituted groups in
BOPHY 55 generate sufficient steric hindrance to disrupt the
planarity of the BOPHY core.

The absorption and emission bands of 53-55 in CH,Cl, are red-
shifted in comparison to BOPHY 14 (/ax = 455 N, Aep, = 505 nm,
& =0.61, and & = 20000 M~ cm™"). The A Of 53 is at 497 nm
with an Ay, at 558 nm. The Ay and ey, of 54 with its two butyl-
bearing amines are red-shifted to 540 and 565 nm, respectively.
Dye 55 with its two different amines exhibits the most red-shifted
absorption and emission bands (Amax = 545 nm and Aey, = 590 nm),
most likely because of the presence of the tert-butylaniline group.
As for the emission efficiency, 53 exhibits extremely weak

Chem. Soc. Rev,, 2021, 50, 5631-5649 | 5637
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Fig. 7 (a) Partial synthesis of ferrocene containing BOPHYs 50 and 51. (b) X-Ray structure of BOPHY complex 50 shown in ball and stick representation.
Fluorine, boron, nitrogen, oxygen, iron, carbon, and hydrogen atoms are indicated by green, light orange, blue, red, dark orange, black, and white
respectively. (c) Normalized absorption spectra of BOPHY complexes 50 and 51 in CH,Cl,. Adapted from ref. 71. Copyright Wiley-VCH GmbH.

Reproduced with permission.

fluorescence with a @ of 0.01, while 54 and 55, display compara-
tively bright red fluorescence with slightly better @¢ values of 0.33
and 0.14, respectively. The ¢ values of 53, 54 and 55 (45 700, 50 100
and 56200 M~" ecm ™", respectively) increase when going from one

5638 | Chem. Soc. Rev,, 2021, 50, 5631-5649

to two amine substituents and finally diethylamine and a 4-tert-
butylaniline group.

Hao and co-workers®" also synthesized dye 56 (Scheme 4a) in a
low yield of 37% by heating BOPHY 15 in toluene in the presence

This journal is © The Royal Society of Chemistry 2021
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of 114 equivalents of pyrrole. Despite the significant excess of
reagent, only the monopyrrole-substituted complex was observed.
Next, they used Suzuki and Stille coupling reactions to form
BOPHYs 57 and 58 in high yields of 83 and 86%, respectively
(Scheme 4b). The structures of both 57 and 58 were confirmed by
X-ray structure analysis, which showed that the aryl and thio-
phene rings at the 5,5'-positions are coplanar with the BOPHY
core. The dihedral angles between the BOPHY core and either the
phenyl or thiophene ring were observed to be less than 9°.

The Amax and e, of the monopyrrole-substituted BOPHY
(56) in CH,Cl, are 557 and 630 nm, respectively. Although the
absorption and emission maxima are significantly red-shifted
in comparison to the parent BOPHY 8, the @ value is substan-
tially lower at 0.05, indicating that simple structural changes
can drastically alter the photophysical properties of the dye.
The ¢ value of BOPY 56 is 46 800 M~ ' cm ™", marginally higher
than that of BOPHY 8. Installing electron-donating substituents
at the para-position of the phenyl rings (57) results in a bath-
ochromic shift of 150 and 189 nm in Ay, and Aoy, in CH,Cl,,
respectively, when compared against BOPHY 8 (Fig. 9a and b).
Similarly, thiophene-substituted BOPHY 58 also exhibit red-shifted
absorption and emission bands (Amax = 516 nm, and Aey, = 572 nm)

This journal is © The Royal Society of Chemistry 2021

compared to 8. Both 56 and 57 show a gradual decrease of @¢value
with increase in solvent polarity. For example, fluorophore 57 has a
@, of 0.39 in hexanes, which decreases to 0.12 in toluene and
further to 0.09 and 0.04 in CH,Cl, and tetrahydrofuran, respec-
tively. No explanation is given for this observation.

The authors also took advantage of the pH sensitivity of 57 to
study the effect of protonation on the photophysical properties of
the dye. A solution of 57 in toluene was titrated with trifluoroa-
cetic acid (TFA) and the spectra showed a stepwise disappearance
of the absorption band at A;,,x = 590 nm with the simultaneous
appearance of a new band at A, = 495 nm (Fig. 9¢). Similarly, a
blue-shift of the emission band (Fig. 9d) was observed from Aey, =
634 to 530 nm with an eight-fold increase in fluorescence intensity
because of the inhibition of the ICT process from the diethyla-
mine moiety to the BOPHY core. In a mixture of acetonitrile and
water, similar results were observed with fluorescence intensity
increasing as conditions became more acidic.

More recently, Shen and co-workers synthesized BOPHYs
possessing phenyl (59) or thiophene (60) functional groups
attached to the B-positions and investigated their photophysi-
cal properties.”” The complexes were synthesized by Stille cross-
coupling reactions using intermediate 17 (Fig. 10a) to give dyes

Chem. Soc. Rev,, 2021, 50, 5631-5649 | 5639
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59 and 60 in yields of 52 and 61% respectively. X-Ray crystal-
lography analysis showed that in complex 59 the dihedral angle
between the phenyl ring and the BOPHY core is 41.6°, signifi-
cantly larger to that of complex 60, where the angle is 27.3°.
This observation suggested that the n-conjugation in 60 should
be better as it is more planar, resulting in a red-shift compared
to the parent BOPHY system. Differences in the packing
arrangements were also observed (Fig. 10b). Dye 59 shows
face-to-face intermolecular stacking in parallel planes, whereas
60 displays slipped stacking. Moreover, a slip angle of ~90°
was observed in 59 (attributed to H-aggregation), whereas a slip
angle of 46° was observed for 60 indicating J-aggregation.”®
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These observations suggest that the introduction of a substituent
at the B-position has a significant impact on the molecular
packing.

The introduction of the thiophene group at the B-positions
(60) induces a red-shift in . and ey, relative to dye 59;
however, both dyes show strong solvent dependency as fluore-
scence quenching is observed with an increase in solvent
polarity (Table 3). For example, 60 emits at Ay, = 522 nm with
a @¢value of 0.74 in hexanes and is red-shifted to 558 nm with a
reduced @; value of 0.02 in acetonitrile. These changes,
observed with an increase in solvent polarity, are attributed to
excited-state conformational states which drive faster internal
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Fig. 9 (a) Normalized absorption and (b) fluorescence emission spectra of BOPHY 8 and BOPHYs 56—-58 in CH,Cl,. (c) Absorption and (d) fluorescence
spectra of fluorophore 57 (4.5 uM in toluene) with incremental addition of TFA when excited at 470 nm. Adapted with permission from ref. 61. Copyright

2018 American Chemical Society.
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Table 3 Spectroscopic properties of BOPHY complexes 59 and 60

Compound  Solvent  Agps” (nM)  Jem® (nm) &M 'em™) &

59 Hexanes 482, 457 506 110470 0.88
THF 480, 457 507 101 340 0.84
CH;0H 475, 453 502 98 540 0.86
CH;CN 453, 472 503 97010 0.86

60 Hexanes 485 522 95250 0.74
THF 481 537 119 060 0.15
CH;0H 475 540 114200 0.10
CH;CN 473 558 116610 0.02

“ Secondary maxima are italicised.

conversion to the ground state, in turn quenching the emis-
sion.””®® This trend is reflected by an increase in the non-
radiative decay rate, changing from 0.96 x 10® s™' in hexanes
to 65.33 x 10% s7! in acetonitrile. In the solid state the @ of 59
and 60 are 0.10 and 0.11, respectively. As J-aggregates are
observed in the crystal packing of 60, the authors expected a
higher &;. However, in BODIPY systems the addition of a
thiophene group introduces additional intersystem crossing
pathways, which can reduce ®.®" In support of this, TD-DFT
studies indicate that ICT occurs from the thiophene group to the
BOPHY core.

BOPHY 60 exhibits good solubility in methanol but poor
solubility in water. Studies into the influence of aggregation on

— fi (VOL.%) =———0%

—20%
40%

0.57 ——60%

400 500 600 700 800
A (nm)

photophysical properties were hence conducted by varying the
fraction of water ( f,, by volume) in a methanol solution of 60.
The absorption spectra (Fig. 11a) show no difference up to a f;,
of 20%. Subsequently, at f, of 40%, the band at /;,.x = 474 nm
diminishes completely and a new broad absorption band forms
at Amax = 560 nm. At f, of 40%, the emission band (Fig. 11b)
centered at 540 nm disappears, and a new band at Ze;,, = 585 nm
with a shoulder at 627 nm appears. These photophysical
changes are characteristic of the presence of J-aggregates.?” At
fw of 60%, the absorption spectrum shows three separated
bands centered at 493, 528 and 586 nm, which are attributed
to the formation of multiple J-aggregates having different
geometries.®>®* From f,, of 70% to 90%, the absorption bands
gradually decrease. Interestingly, BOPHY 59 did not show any
evidence of aggregation under the same conditions.

4. Applications of BOPHY dyes

The easily tunable photophysical properties (e.g., @ and Amay)
of BOPHY dyes in combination with their ease of synthesis,
have accelerated their adaptation and use within various
research fields. One of the earliest applications of the BOPHY
motif was reported by Jiang and co-workers in 2015,* who
demonstrated the pH-dependent fluorescence behavior of BOPHY 61
and its potential use as a ‘switch on’ pH sensor (Fig. 12a). Controlling
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Fig. 11 (a) Variation in absorption and (b) emission spectra of 60 with incremenal addition of H,O in MeOH. Adapted from ref. 77 with permission from

The Royal Society of Chemistry.
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Fig. 13 (a) Chiral conjugated polymer 62 (molar ratio indicated in red). (b) Absorption spectra of 62 and CNPs with diameters of 80, 120 and 190 nm in
THF (20 ppm). Confocal microscopy images of living Hela cells at 2 hours after incubation with the 80 nm diameter CNP upon (c) excitation at 559 nm
and (d) a bright field image. Adapted from ref. 88 with permission from The Royal Society of Chemistry.

ICT is a popular strategy®>®”

scent sensors, therefore Jiang and co-workers incorporated a an amine).®

diethylamine group for this purpose in their design of the dye. To first demonstrate that protonation ‘switches off’ the elec-
The expectation was that 61 would behave in a similar manner to  tron transfer, and in turn ‘switches on’ fluorescence emission, the
BOPIHY pH probes whereby the fluorophore will be quenched researchers studied the photophysical properties of BOPHY 61 at

when designing pH-responsive fluore-  through electron transfer from the electron donating group (i.e.,
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Fig. 14 (a) Addition of Cu?* to 63 mediates hydrolysis, giving the fluorescent species 64. (b) Variation in emission intensity of 63 (1 uM in CHsCN-
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Fe2*, Cd?*, Zn*, Ca?*, Mn?*, Ag"™ and Li*). Fluorescence images of living Hela cells under the excitation of blue light after 2 hours incubation with
(d) 1 uM of 63 and (e) 1 uM of 64 with 20 pM Cu?*. Adapted from ref. 90 with permission from Elsevier.

PH levels ranging from seven to zero (Fig. 12b). They observed a
dramatic increase in fluorescence intensity with decreasing pH -
this is attributed to protonation of the diethylamine group in 61,
inhibiting ICT. Following this observation, absorption spectra
were recorded with addition of acid (up to 8 M) to a solution of
BOPHY 61 (Fig. 12¢). The spectra show a stepwise decrease of the
absorption band at A,,x = 543 nm with decreasing pH. Simulta-
neously, the formation of two new bands at Amn.x = 504 and
481 nm were observed, corresponding to the formation of 61-H".
The monitoring of fluorescence emission under similar condi-
tions, revealed a dramatic increase in fluorescence intensity with
the band at Ae;,, = 532 nm increasing in intensity by 1200-fold.
The @¢ of BOPHY 61 was determined to be 0.01 at pH 7 (‘off’) in a
1:1 solution of acetonitrile and water, and 0.98 (‘on’) when
treated with a solution of hydrochloric acid (4 M). DFT calcula-
tions were employed to confirm that ICT from the diethylamine
group to the BOPHY core quenches emission, while protonation
inhibits ICT thus turning emission ‘on’.

Chen and Wang in 2015 reported on the first use of the
BOPHY motif in cell imaging.®® The researchers synthesized the
chiral polymer 62 (Fig. 13a), which was subsequently used to
prepare conjugated polymer nanoparticles (CNPs) with average
sizes of ~80, ~120 and ~190 nm. The absorption spectra of
polymer 62 and the different sized CNPs were recorded in tetra-
hydrofuran (Fig. 13b). Polymer 62 exhibits two absorption bands at
Amax = 380 and 530 nm. The CNPs have a shoulder peak around
380 nm in addition to a band at A, = 551 nm. These bands
experience a small red-shift as the particle size increases from 80 to
190 nm. The red-shift is most likely related to the formation of
nanoparticle aggregates which are able to enhance inter- and intra-
chain interactions.®® Fluorophore 62 is shown to exhibit strong
fluorescence at A, = 642 nm. As the size of the CNPs increase
from ~80 to ~190 nm, the .., also red-shifts from 660 nm to
671 nm - this is attributed to the enhanced interaction between
the polymer chains as the nanoparticles grow. The 80 nm CNP was
selected for cell imaging studies in living HeLa cells because of its

This journal is © The Royal Society of Chemistry 2021

smaller diameter. The cells were incubated with a suspension of
the 80 nm CPN for two hours at a temperature of 37 °C followed by
excitation at 559 nm. Uptake of the 80 nm CNPs by the cells was
clearly visualized with apparent localization at the periphery of the
cytoplasm (Fig. 13c and d). This particular size of CNP was found
to display high photostability and low cytotoxicity, evident by
regular cell function, indicating the potential of these CNPs as
efficient far-red/NIR fluorescent probes.

In 2016 Yu and co-workers®® designed probe 63 and used it
in the detection of Cu®" ions (Fig. 14a). BOPHY 63 was found to
fluoresce weakly — this was attributed to the deactivation of the

Absorbance (a.u.)

.0
350 400 450
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Fig. 15 (a) BOPHY 65 and its brominated analogue 66. (b) Time-dependent
decrease (increments from 0 to 32 minutes) of DPFB absorbance at 416 nm
(5 uM in toluene) in the presence of 66 (6 uM in toluene), and absorption
spectra of 66 (bottom curve) (5 pM in toluene). Monochromatic light
(500 nm at 0.5 MW cm™2) was used in the irradiation experiment. Adapted
from ref. 99 with permission from Elsevier.
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Fig. 16 (a) Chemical structure of BOPHY 67. Absorption (orange), excitation (dashed black, Zem = 631 nm) and (b) emission (green, Jexc = 590 nm)
spectra of 67 in THF. (c) Chemical structures of BOPHYs 68 and 69. (d) Absorption spectra of 68 (solid red) and 69 (solid blue) in THF, as well as thin films
of 68 (dashed red) and 69 (dashed blue) The absorption of the films (optical density of about 0.5) is normalized to the absorption in solution. Adapted with
permission from ref. 62. Copyright 2015 American Chemical Society. Adapted from ref. 105 with permission from The Royal Society of Chemistry.

excited state via non-radiative pathways associated with the
rapid isomerization of the C=N double bond.’*~** Upon addi-
tion of Cu®* (20 uM), a significant enhancement of fluorescence
was observed as a result of the Cu** mediated hydrolysis of the
C=N group yielding the emissive fluorophore 64.

Sensitivity studies show that the fluorescence intensity
progressively increased as a function of Cu®" concentration
(from 0 to 40 uM) (Fig. 14b). The detection limit was assessed to
be 50 nM, comparable to other reported Cu** assay methods.***>
Further studies revealed high selectivity of the hydrolysis process
towards Cu®" and negligible fluorescence change was observed
with a range of other cationic metal species (Fig. 14c). Competition
experiments examining emission intensity of 63 (1 uM) in the
presence of 10 uM of Cu®’, in addition to a significant excess
(100 uM) of other metal ions (Mg>*, Pb**, Ni**, Fe**, Cd**, Zn**,
Ca®>*, Mn**, Ag" and Li"), show clear specificity for Cu** with a
lack of interference from other ions. Cu®>" sensing was also
performed in diluted human serum samples and living HeLa
cells. The results show that the amount of Cu®" detected was
within the required range for human serum®® and that HeLa
cells containing 1 pM of 63 alone showed, as expected, weak
green fluorescence (Fig. 14d). However, when 1 uM of complex
63 is incubated with 20 pM of Cu>*, strong green fluorescence is
observed (Fig. 14e). These results demonstrate that 63 can be
used in sensing Cu*" within biological environments. Additional
work from Yu and coworkers resulted in further improvement on
the probe including a 50-fold increase in sensitivity (i.e., down to
1 nM detection limit).”” A similar mechanism was also later on
used in the sensing of Cd>" ions.”®

Jiang and coworkers further developed the BOPHY motif
as a photosensitizer for singlet oxygen generation (Fig. 15).%°
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Using reported literature procedures,>*'°® precursor 65 was

brominated, generating fluorophore 66 in a yield of 64%. The
Amax Of 66 is at 506 nm, which is largely offset from the A,y of
the singlet oxygen scavenger 1,3-diphenylisobenzofuran (DPFB;
416 nm) making it a suitable photosensitizer. To probe the

Fig. 17 Molecular structures of BOPHY-based conjugated porous poly-
mers 70-73.
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Table 4 Hydrogen evolution rates and photonic efficiencies under UV-vis
illumination of BOPHYs 70—73 and their hybrids with TiO,?

Cocatalyst’”  HER Photonic

Entry  Photocatalyst  (wt%) (nmol h™")  efficiency (%)
1 TiO, 1.9 0.03
2 Pt/TiO, Pt 222.5 3.29
3 70 — 2.9 0.04
4 71 — 5.6 0.08
5 72 — 1.0 0.01
6 73 — 4.1 0.06
7 Pt/70 Pt 2.9 0.04
8 Pt/71 Pt 6.5 0.10
9 Pt/72 Pt 1.1 0.02
10 Pt/73 Pt 3.8 0.06
11 70@T-10 — 24 0.36
12 71@T-10 — 5.8 0.09
13 72@T-10 — 19.2 0.28
14 73@T-10 — 9.6 0.14
15 70@T-1 — 4.4 0.07
16 70@T-5 — 22.5 0.33
17 70@T-15 — 8.3 0.12
18 Pt/70@T-10 Pt 982.5 14.54

¢ Reaction conditions: 25 mg of photocatalyst on 130 mL of a methanol
aqueous solution (10 vol%) at atmospheric pressure and 20 °C, irradiated
by a 150 W medium-pressure Hg immersion lamp. ® All nominal Pt charges
are 1%.

ability of 66 to generate singlet oxygen, a mixture of 66 and
DPFB in toluene was irradiated with 500 nm monochromatic
light. The intensity of the absorption band at 416 nm was
monitored as a function of irradiation time, and it was found to
decrease to 80% within six minutes, and completely diminish
within 26 minutes (Fig. 15b) with no evidence of photobleaching.
These results suggest that 66 is a superior photosensitizer to
methylene blue.*’ Employing a water-dimethyl sulfoxide (1:1)
solution mixture instead of toluene also showed the generation
of singlet oxygen, indicating that the process is solvent indepen-
dent. In a similar vein, Zhao and Zhang studied BOPHY 17 for
the purpose of triplet-triplet annihilation upconversion.'®* The
authors determined that the triplet state energy level (T,) of dye
17 lies higher in energy than the T, of traditional BODIPY
dyes'®'"1% suggesting that BOPHYs possessing iodine groups
can be promising triplet photosensitizers as well.
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In 2015, Ziessel and co-workers synthesized the 3-ethynyl-
perylene bearing dye 67 (Fig. 16a).°> The incorporation of this
group at the 4-position resulted in a strong absorption band
with a ¢ value of 30000 M~ ' ecm™ " in the 400 to 500 nm region
(Fig. 16b). Irradiation at 430 nm resulted in very little residual
perylene emission (¥ = 0.01 at A, = 515 nm) but strong
emission of the BOPHY framework at Je,, = 631 nm. These
results indicate that an intramolecular cascade energy transfer
from the perylene moiety to the dye is occurring with high
efficiency, evident by the absence of perylene fluorescence.
A significant pseudo-Stokes shift of 5100 cm ™" was also observed.
Next, Ziessel and coworkers functionalized'®® the BOPHY core at
the 3- and 8-positions with vinyl-thiophene groups resulting in
dyes 68 and 69 (Fig. 16¢). The 4. and ¢ of these dyes are 595 nm
and 626 nm and 97 000 and 11300 M~ cm ™, respectively, while
their @ values were calculated to be 0.13 and 0.10, respectively.
Thin films of 68 and 69 gave broadened absorption profiles with a
bathochromic shift of 30 nm (Fig. 16d). Next, 1 : 1 mixtures of a
fullerene derivative (PC,;BM) and either 68 or 69 were incorpo-
rated into bulk heterojunction solar cells with a small amount of
the additive diiodooctane. The average power conversion efficiency
for 69 was calculated to be 4.3% (¢f: 1.5% for 68) with an external
quantum efficiency higher than 70% between 580 to 720 nm. As
the first photovoltaic trials using BOPHY dyes - these results are
promising for their use in bulk heterojunction solar cells.

In recent work, Liras and O’Shea have successfully used the
BOPHY-conjugated porous polymers 70-73 as photocatalysts
for hydrogen production (Fig. 17)."°>'®” The photocatalytic
behavior of 70-73 as well as their hybrid materials with titanium
dioxide (calcined PC500) were assessed in the production of
hydrogen from water using methanol as a sacrificial agent
(Table 4). All of the photocatalytic experiments were performed
under UV-vis illumination to ensure that both the polymer and
titanium dioxide absorb light. Concurrently, control experiments
were carried out in the absence of light to confirm the absence of
hydrogen generation. For each system, an estimation of the
photonic efficiency (&, %) and hydrogen evolution rate (HER)
were calculated. All polymers but 72 showed a higher HER and ¢
than TiO, (Fig. 18b). BOPHY 73 is the most photoactive material
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Fig. 18 (a) Comparison of & (%) of BOPHY-based conjugated porous polymers used as photocatalysts to TiO,. (b) & (%) of hybrid materials based on TiO,
and BOPHYs 70-73 at 10 wt% polymer loading. (c) ¢ (%) of 70@T at different loading amounts (1, 5, 10 and 15 wt%). Adapted with permission from ref. 106.

Copyright 2020 American Chemical Society.
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with hydrogen production three-folds higher than that produced
by TiO,. The photodeposition of 1 wt% platinum (entry 2,
Table 4) as cocatalyst boosts the production of hydrogen on
titanium dioxide; however, when paired with the BOPHY poly-
mers, 71 and 72 show a marginal increase in hydrogen produc-
tion whereas 70 and 73 return equal outputs as without any co-
catalyst. Hybrid materials composed of TiO, and 10 wt% of
polymers, named x@T-10 (x = 70, 71, 72 or 73) were also
prepared and then assessed as photocatalysts (entries 11-14,
Table 4). An increase in £ was observed in all cases (Fig. 18b). The
best performance was observed with 70@T-10. A study with
different amounts of 70 (loading at either 1, 5, 10 or 15 wt%)
was then carried out (entries 11 and 15-17, Table 4) and the
results (Fig. 18c) demonstrate that ¢ continues to increase with
the amount of polymer loading until reaching 10%, where a
decrease is observed (entry 2 vs. entry 18, Table 4). The HER of
70@T-10 was also measured in the presence of photodeposited
platinum as cocatalyst (1 wt%). The results display HER which is
four-fold higher than that with both platinum and titanium
dioxide. Pt/70@T-10 shows 1.5 and 1.8 times higher HER than
the two best systems reported in literature, i.e., truxene-
conjugated porous polymer'®® based hybrids. The improved
photocatalytic activity is attributed to a type II heterojunction
charge transfer mechanism, which has been elucidated by time-
resolved fluorescence emission and transient absorption
spectroscopy measurements as well as transmission electron
microscopy.

5. Conclusions and perspectives

The study of BOPHY fluorophores and their properties has
witnessed a surge since their first inception in 2014. This
emerging family of BF,-based dyes are easily accessible, yield-
ing a wide variety of derivatives through substitution at the
a- and B-position(s). There are two main synthetic pathways to
accomplish such modifications, the first one involving a key
Knoevenagel condensation reaction as described in Scheme 1.
Here, the desired functionality is either already installed on the
pyrrole precursor or is introduced in later steps through
appropriate transformations. The second key method involves
the introduction of halogen(s) to the core, followed by a
palladium-catalyzed cross-coupling reaction to give the desired
BOPHY derivative. Although there has been great success with
substitution at the o- and B-position(s) of the BOPHY core,
derivatives substituted at the meso-position are lacking, largely
because of the instability of such compounds.”* The variety of
functional groups that can be attached to the BOPY core are
also somewhat limited. For example, ferrocene is the only
organometallic compound to be attached to the BOPHY core.
Moreover, this fluorophore is yet to be incorporated into
attractive architectures such as cages, macrocycles, liquid crystals,
or metal-organic frameworks. On the other hand, several organo-
metallic-based BODIPYs have been prepared and studied (e.g.,
BODIPY-based Ru** and Ir** complexes)'®® and BODIPY-based
photocages''® and macrocycles'™ have been investigated.
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Considering the fast pace at which this family of dyes is being
developed, headways in these directions seems inevitable.

The tuning of pivotal (photo)physical properties through
careful synthetic modifications has been vital not only for the
development of applications - in research fields ranging from
biology to materials chemistry — but also in gaining important
fundamental understanding of the parameters that control the
photophysical properties of the dyes. The appealing photo-
physical properties of the BOPHY dyes include high fluorescence
quantum yields - some of which approach near unity - large
molar extinction coefficients, as well as tunable absorption and
emission maxima. The BOPHY chromophores also exhibit rea-
sonable resistance to photo-degradation, but autocatalysis is
observed such that the rate of degradation escalates with
increasing exposure time."'> Moreover, the dyes typically display
fluorescence emission in the solid state — a property which
BODIPY dyes struggle with. Fusing the core with either a
benzene, thiophene or furan ring is another method of drasti-
cally altering the properties of the dyes and achieving a signifi-
cant bathochromic shift in absorption and emission bands.
Although only modest @; values (0.22-0.64) are obtained from
these fused systems, they exhibit some of the largest red shifts in
absorption and emission bands, 182 and 174 nm respectively
compared to the parent system 8. Further to this, the furan-
BOPHYs (30-32) also boast high ¢ values. Other adaptations to
the BOPHY chromophore result in moderate changes to the
photophysical properties, although interesting properties in
specific systems have been uncovered in some cases, such as
metal-to-ligand charge-transfer and aggregation-induced emission
enhancement. ICT has continuously shown to reduce quantum
yields in these dyes, which is an issue that must be tackled when
designing systems for luminescent applications.

While relatively new on the scene, BOPHY fluorophores have
already been used in numerous applications spanning many
research areas. The pH-sensitivity of the fluorescence intensity
in certain dyes was used in measuring the pH changes within
cells. Such changes are biomarkers for diverse physiological
processes such as cell proliferation™*® and apoptosis.'** To be
used in monitoring such processes though the dyes need to be
made more biocompatible and water soluble. The latter can be
accomplished by introducing water solubilizing groups - some-
thing which is yet to be accomplished with BOPHY dyes. Cell
imaging has also been demonstrated with BOPHY dyes as
either part of CNPs or when functionalized with an azine group,
allowing for the sensing of Cu®" ions. The former systems,
which possess good stability as well as low toxicity, emit in the
far-red and NIR region and can be used in imaging HeLa cells.
Sensing of Cu®** ions with the latter motif was shown to be
selective and sensitive within diluted human serum samples
and living HeLa cells. In another study, a dye was used in
selectively sensing Cd>" ions,”” showing the scope for BOPHYs
in the recognition of a range of ions. Further optimization of
the dyes is needed for their use in in vivo studies. On this note,
some progress has already been achieved with an improvement
in the detection limit of the Cu** sensor from 50 to 1 nM over a
period of two years.

This journal is © The Royal Society of Chemistry 2021
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Halogenated BOPHYs developed as photosensitizers for
singlet oxygen generation demonstrate fast production of singlet
oxygen with no photobleaching.''® This property opens the way
for using the dyes in photodynamic therapy, photocatalysis and
water purification."'® Addition of vinyl-thiophene modules at the
3- and 8-positions allows for the use of the dyes in bulk hetero-
junction solar cells, with an average power conversion efficiency
of 4.3%. Given this preliminary study, there is great potential for
further optimization and improvement of these values. Conju-
gated polymers based on the BOPHY motif have also proven
viable as photocatalysts for hydrogen production. Hybrids of
these polymers with TiO, show improved photocatalytic activity
with photonic efficiencies over four-fold higher than that of
Pt/TiO,. The improved photocatalytic activity is attributed to a
type II heterojunction charge transfer mechanism. Currently,
these systems harness UV-vis radiation. Future improvements
should look into exploiting visible light, a significant component
of solar energy, for maximum benefit.

In this review, we have sought to outline the key synthetic
strategies used in the preparation of BOPHY dyes, while drawing
attention to the effect of different functional groups on the
photophysical properties. We also showcased some promising
applications the dyes can be used in (i.e., biosensing).""” Whilst
the BOPHY moiety itself is relatively new and some initial
progress has been made in diversifying the dyes scaffold, a
greater variety in structural modification must be explored, to
take advantage of the full potential of this new class of dyes.
Research in this area has already spurred new dye scaffolds such
as BOPPY,""® which encompasses both pyrrole and N-heteroarene
derivatives, and BOPYPY,'*® which is a pyrazine-pyrrole fused
system. Considering all the progress with these dyes and their
swift adaptation - it is clear that the BOPHY dyes have a bright
future.
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