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Azaborahelicene fluorophores derived from
four-coordinate N,C-boron chelates: synthesis,
photophysical and chiroptical propertiest
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A series of six azaborahelicenes with varying electron-donor substitution at the 4-position of the aryl
residue (i.e., naphthyl) or with variable n-extension of the aryl residue (thianthrenyl, anthryl, pyrenyl) was
prepared with an efficient and flexible synthetic protocol. These different types of functionalization
afforded notably pronounced intramolecular charge-transfer (ICT) character for the dyes with the stron-
gest electron donor substitution (NMe,) or easiest to oxidize aryl residues, as evidenced by photophysical
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investigations. These effects also impact the corresponding chiroptical properties of the separated M- and
P-enantiomers, which notably display circularly polarized luminescence (CPL) with dissymmetry factors in
the order of magnitude of 10™* to 107>, Theoretical calculations confirm the optical spectroscopy data

rsc.li/frontiers-organic and are in agreement with the proposed involvement of ICT processes.
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Introduction

The design of organic chiral compounds displaying circularly
polarized luminescence (CPL) is in the limelight because of
their potential in optoelectronic applications, notably organic
light-emitting diodes (OLEDs) and CP light detectors, as well
as in chiral sensing and bioimaging."” Currently, significant
efforts are directed towards the rationalization of the structural
and electronic factors governing both the intensity and sign of
CPL in chiral molecules aiming at establishing the molecular
design of emitters with high CPL efficiency. The latter aspect is
generally quantified using the luminescence dissymmetry factor
Zlum (Gum = 2(I, — LR)/(IL + Iy)), which falls in the 107*-107>
range for classical “small” organic molecular (SOM) chiral
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emitters.® > These values are below the ones obtained for lumi-

nescent chiral lanthanide and Cr(m) complexes, i.e., up to 1.4
and 0.3,>"*7 respectively, chiral polymeric materials'®>* and
other intermolecular approaches involving chiral molecules,
such as energy transfer, charge transfer, and excimers.**"
However, SOM chiral dyes are attractive because of their tunable
optoelectronic ~ properties and  their  straightforward
processability.'*2>**?* These aspects, combined with their
often high molar extinction coefficient, provide organic chiral
dyes with potentially high levels of CPL brightness®**** and
make them valuable candidates for CPL applications.>****°

While carbo-[n]-helicenes and their derivatives have been
an archetypical class of organic chiral systems for developing
efficient CPL emitters, the introduction of a B atom with an
empty p.-orbital as a functional group on chiral n-conjugated
systems, or within the helical molecular systems has been
shown to be an ingenious way of tuning the resulting chiral
optoelectornic properties.*’>* In another approach, the B
atom has also been used as an anchoring unit for a chiral
ligand, such as 1,1"-bi(2-naphthol) (BINOL) and its derivatives,
on boron dipyrromethene (BODIPY) dyes, affording a simple
and efficient way of obtaining new CPL emitters.>*™’

Our recent contributions in this research area focused on
CPL-active four-coordinate N,C chelate organoboranes
(Fig. 1a),>® showing significant emission (@ up to 0.3) and
CPL with dissymmetry factors as large as 3.5 x 10~°. Despite
these interesting chiroptical properties, these chiral organo-
boranes showed low structural tunability, and therefore, we
decided to develop a more versatile family of helically chiral
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in this study.

N,C-boranes (Fig. 1b), enabling us modifying their opto-
electronic properties. Especially the electron-donating pro-
perties of the aryl residue are expected to modulate the intra-
molecular charge-transfer (ICT) character of the excited state
and hence, the chiroptical properties of the herein investigated
dyes.”>®® In previous works on the dye platform we have
shown that more pronounced ICT character leads to reduced
intersystem crossing.®® In addition a reduced conformational
flexibility may hinder other non-radiative deactivation chan-
nels, such as internal conversion. Both of these characteristics
would in principle contribute to increased radiative de-
activation of excited states, thereby enhancing the possibility
to observe significant CPL.

Results and discussion
Synthesis

The synthesis of the target dyes (see Schemes 1 and 2) employs
the arylisoquinolines 3a-f as precursors. The latter are sub-
sequently converted into the corresponding bromide deriva-
tives 4a—f and finally transformed into the borylated dyes 5a-f.
Thus, starting from 8-phenylisoquinoline, the key 1-chloro-8-
phenylisoquinoline building block 1 was obtained in a gram
scale following previously described procedures
(Scheme 1).°"%* The Suzuki coupling of 1 with the naphtha-
lene-derived boronic acid derivatives 2a-c afforded the desired
triaryl systems 3a-c in 72-84% yields (Scheme 1). 3b and 3c
contain a methoxy or N,N-dimethylamino substitutent, respect-
ively, which provide a substantial modification of the electron-
donor strength and consequently of the photo-induced ICT
process (see below).”® The coupling reaction was also extended
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(a) Our previously described CPL-active azaborahelicene systems. (b) Retrosynthetic route for the new family of azaborahelicenes described
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Scheme 1 Synthesis of the arylisoquinolines 3a-f.

to other electron-rich and extended n-conjugated fragments
such as anthryl, thianthrenyl, and pyrenyl, to obtain the
corresponding products 3d-f in 70-90% yields (Scheme 1).
Then, our previously described C-H borylation/bromination
methodology applied to the triaryl systems
(Scheme 2),*®°%%%%* affording the corresponding bromides
4a-f as racemic mixtures in 21-79% yields. In the case of
(x)-4f, the moderate yield is partially caused by the formation
of ca. 20% of a dibrominated product. Finally, the racemic bro-
mides (+)-4a—f were subjected to lithiation/borylation con-
ditions to afford the desired fluorescent N,C-organoborane
dyes (t)-5a—f in 39-96% yield. The M- and P-enantiomers of

was

This journal is © the Partner Organisations 2024
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Scheme 2 Synthesis of the dyes 5a—f.

each dye were obtained by semipreparative chiral HPLC separ-
ation with ee values of up to 99% (see the ESI{ for details).
Their absolute configuration was assigned by comparison of
their ECD responses with those of previously published related
dyes,’® and further confirmed by theoretical calculations (see
below). All products were characterized by 'H, '*C, and ''B
NMR spectroscopy and high-resolution mass spectrometry (see
the ESI} for details). The "B NMR signal at 5.3-5.9 ppm con-
firms the four-coordinate nature of the boron center for all
herein investigated dyes.

X-ray quality crystals of racemic (+)-5e were obtained by
slow evaporation of a solution of the dye in dichloromethane/
hexane. The X-ray structure analysis shows the helicoidal geo-
metry of the dye (Fig. 2), with the thianthrenyl fragment adopt-
ing a bent disposition to avoid the steric repulsion with the
phenyl substituent. However, although the X-ray picture shows
a fixed conformation of the molecule, a rapid interconversion
of conformers by dynamic folding along the S---S axis can take
place in solution, as reported by others®>®® and further sup-
ported herein by theoretical calculations (see below).

UV/vis-absorption and fluorescence properties

The photophysical properties of the racemic dyes 5a-f in
organic solvents (toluene, dichloromethane, and acetonitrile)
are compiled in Table 1 and representative spectra of 5a-c in
toluene are shown in Fig. 3 (see the ESIT for additional spectra
related to the other dyes and solvents). Given their electronically
diverse structure, the photophysical and chiroptical properties
of the dyes are discussed by following two main aspects: (a) the
influence of electron-donor substitution X at the 4-position of
the naphthalene moiety for 5a-c¢ and (b) the degree of
n-conjugation of the aryl residue in the dyes 5a and 5d-f.

For 5a-c there is a clear trend of a bathochromic shift on
moving from 5a (R = H) to 5¢ (R = NMe,), e.g., Adyps = 50 nm

This journal is © the Partner Organisations 2024

Fig. 2 ORTEP diagram of the crystal structure of dye (+)-5e (CCDC
22964157). The displacement ellipsoids are drawn at 50% probability.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: N1-Bl 1.652(4), C17-B1 1.632(4), N1-C7-C6-C17 18.3.
Although only the M-5e enantiomer is displayed, the unit cell contains
both enantiomers (see CIF file in CCDC).

and AAr = 80 nm, in toluene. The shift of the emission
maximum is even more pronounced in the more polar aceto-
nitrile (Adr = 121 nm). These observations are an indication
that an ICT transition is present.>®®*®” While this holds for
dye 5c, the emission properties of the dyes 5a and 5b are prac-
tically insensitive to the solvent polarity. This trend is in line
with the electrochemical study of these compounds, which
shows a strong decrease for the first oxidation potential of 5c
(Eox = +0.56 versus SCE) in comparison to 5a and 5b (E.x =
+1.10 and 0.94 versus SCE, respectively), owing to the presence
of the dimethylamino electron donor group (see ESIf for
details).

Org. Chem. Front,, 2024, 11, 843-853 | 845
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Table 1 Photophysical and chiroptical properties of the dyes 5a—f in
various organic solvents

Aabs “ (nm) AF b 03 ‘ |gabs| X Igluml X
[eM'em™)] (nm) & (ns) 1074 107%°¢

Toluene

5a 428 [10000] 504 0.09 2.13 1.7 (495)

5b 465 [9500] 521 0.24 3.98 0.7 (506)

5¢ 478 [15000] 586 0.40  8.40 0.1 (550)

5d 492 [8000] 534 0.10 2.18 1.0 (540)

s5ef 382

5f  448[20000] 521 0.22  3.12 0.1 (510)

Dichloromethane

5a  424[10000] 503 0.14 274 1.7 (429) 1.0 (503)

5b  434[9000] 521 028 5.54  1.2(448) 0.7(521)

5¢  475[11000] 599 039 971 0.7 (474) 0.1(599)

5d 484 [8000] 545 0.09 2.04 1.2(472) 1.0 (545)

s5e/ 380 2.8 (383)

5f 443 [16 000] 530 021 3.36  1.2(448) ~0

Acetonitrile

52 420[9000] 503 0.07 2.5 1.2 (500)
1.0 (615)

5b 439 [10000] 524 0.26  5.46 0.5 (520)

5¢ 467 [13 000] 624 0.18 5.98 ~0

5d 465 [6500] 560 0.05  2.82¢ 1.1 (555)

5e/ 383

5f  438[17000] 540 0.17  4.01 ~0

“Maximum of the longest-wavelength absorption band. ? Maximum of
the fluorescence spectrum. ©Fluorescence lifetime; the value of the
major component (>94% weighted contribution) is shown, except for
5d in acetonitrile. The complete decays and data fits are shown in the
ESLt “In parenthesis the maximum of the longest-wavelength signal is
given. * The maximum of g, is given at the wavelength j[in parentheses)
corresponding to the maximum of the emission signal.’ The low solubi-
lity, accompanied by aggregation phenomena, hampered the determi-
nation of molar absorption coefficients. Likewise, the fluorescence emis-
sion is too weak to allow the safe determination of corresponding photo-
physical data.  Multiexponential decay; the intensity-weighted average
lifetime is given. The complete decay and data fit is shown in the ESL}

Aorl:(a.u.)

400

Fig. 3 UV/vis absorption (full lines) and fluorescence spectra (dashed
lines) of 5a (black), 5b (green), and 5c (red) in air-equilibrated toluene
(dye concentration 20 pM).

Focusing on the dye 5c it is noteworthy that in nonpolar
toluene an orange emission is observed (Ar = 586 nm), while in
polar acetonitrile the dye emits in the deep red region (1p =

846 | Org. Chem. Front., 2024, 11, 843-853
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Fig. 4 Fluorescence spectra of dye 5c in various solvents (dye concen-
tration ca. 20 pM, air-equilibrated solutions).

624 nm); see also Fig. 4 for a larger set of solvents of varying
polarity. Despite the rather low-lying emissive states, the fluo-
rescence quantum yields remain rather appreciable, reaching
values of 0.40 in toluene and 0.18 in acetonitrile. The slight
drop in acetonitrile likely relates to the significant non-radia-
tive excited-state deactivations (c¢f. energy-gap law).

The variation of the n-conjugation of the attached aryl
residue in the dyes 5a and 5d-f has significant effects on their
photophysical properties. The longest-wavelength absorption
maxima of the dyes are bathochromically shifted in the 5e < 5a
< 5f < 5d order, a ranking holding in all investigated solvents
(see Table 1). This corresponds to the increasing n-conjugation
in the aryl moiety. This ranking also applies to the fluo-
rescence maxima for the dyes 5a, 5f, and 5d. The effect of the
solvent polarity is most notable for the two dyes with the most
extended m-conjugation in the aryl residue, i.e., 5d and 5f. On
changing from n-hexane to DMSO a red-shift by ca. 22-24 nm
was noted for both compounds. As the anthryl and pyrenyl
moieties in these dyes have a comparably low oxidation poten-
tial, excited state ICT phenomena can be used to rationalize
the observed solvent dependence. While dye 5d has fluo-
rescence quantum yields between 0.05 and 0.10 (depending on
the solvent), dye 5f reaches values of about 0.2 for this para-
meter. This qualifies both dyes as moderately but significantly
fluorescent. Noteworthy, dye 5e shows too weak fluorescence
to be reliably measured, which may be traced back to aggrega-
tion-induced quenching and dominant nonradiative de-exci-
tation of rather low-lying excited states (see theoretical calcu-
lations below).

The dyes show fluorescence decays (see ESIT) with a domi-
nant lifetime component (>94%) in the range of 2-4 ns, except
for 5¢, which shows somewhat longer lifetimes between 6 ns
and 10 ns, depending on the solvent (see Table 1). Dye 5d in
acetonitrile is another exception, because two relatively short
components were detected (see ESIt). However, in frozen
2-methyltetrahydrofuran glass at 77 K one dominant short

This journal is © the Partner Organisations 2024
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component (3.4 ns) with a weighted contribution of 96% per-
sists (see ESIT). Although the solvent system is different, this
may hint on conformational equilibria at room temperature,
leading to a lifetime distribution in this specific case. With the
lifetimes and the fluorescence quantum yields, the radiative
(k¢) and non-radiative deactivation rate constants (k,;) were
estimated. They were found to be in the order of magnitude of
10”7 57" and 10® s7", respectively (see data in ESIY).

Chiroptical properties

The chiroptical properties were determined for the separated
M and P enantiomers. The absolute configuration of the
reported chiral emitters was assigned by comparison of the
experimental ECD spectra with our previous studies of related
azaborahelicences,” and further confirmed by Time-
Dependent Density Functional Theory (TD-DFT) calculations
performed in dichloromethane with the Polarizable
Continuum Model (PCM), see the ESIt for further details.
Accordingly, the first and second HPLC fractions of com-
pounds 5 correspond to the M- and P-enantiomers, respectively
(see the ESIf for details).

As depicted in Fig. 5, each couple of enantiomers displays
expected mirror-image ECD spectra, which for dyes M-5a and
M-5b appear rather similar, implying a low-energy negative
broad band between 370 and 470 nm (=10 M~' em™"), fol-
lowed by a set of positive and negative signals at 350 and
305 nm, respectively, in addition to a positive exciton couplet
around 280 nm (Ae ~ +60 M~" cm™"). For these derivatives, the
substituent on the naphthyl core seems to have limited impact

View Article Online

Research Article

on the overall ECD responses, as also illustrated when compar-
ing the responses below 250 nm when recorded in acetonitrile
(see ESIf for details). However, moving to the more electron-
rich amino unit on M-5c¢ decreases the overall intensity of the
ECD response and induces a change of the high-energy
bisignate response at 290 nm.

This change is mainly observed for the latter compound
since the ECD of the anthracene, pyrene and thianthrene
derivatives, M-5d, M-5f and M-5e, respectively, display a rather
similar ECD pattern as M-5a with however, a different distri-
bution of relative intensities for the spectrum of M-5f due to
the intense transitions of the pyrene core. Finally, all investi-
gated dyes display dissymmetry factors |gaps| of ca. (1-3) x 1073
for the lowest energy transition (see Table 1).

The CPL of these new chiral emitters was recorded in sol-
vents of varying polarity, including toluene, dichloromethane,
and acetonitrile. Despite their clear ECD responses for the
lowest-energy band, the radiative de-excitation of the related
excited states does not lead to intense CPL responses. For
instance, the enantiomers M-5a, M-5b, and M-5d display nega-
tive CPL spectra with maxima corresponding to those of their
respective unpolarized fluorescence emission and gj,m, values
of —1.5 x 1073, —0.6 x 1073, and —1.0 x 1073, respectively
(Fig. 6). The latter are consistent with the absorption dissym-
metry factors gans, measured at the lowest energy transition
(Table 1),°® indicating that both ground state and emitting
excited state have a similar chiral geometry. In contrast, the
compound 5¢, which shows a more important ICT character
for the emitting excited state, displayed very weak CPL signals

AE 60 60
M'em™) 5a 5b
30 30
A
0 0
-30 -30
-60
-60 + - T T T T T - -
300 400 500 600 300 400 500 600
20
5¢ 8o 5d
10 40
0 0
-10 -40
20 -80
300 400 500 600 300 400 500 600
20 5e 60 5f
10 30
0 0
-10 -30
-20 -60

300 400

2 (nm)

500 600

—_—

300 400 500 600

2(nm) ————=

Fig. 5 ECD spectra of the dyes 5a—f in dichloromethane (dye concentration ca. 1 pM; air-equilibrated solutions). The black spectra correspond to

the M-enantiomers and the red spectra to the P-enantiomers.
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Fig. 6 CPL spectra of the dyes 5a, 5b, and 5d in toluene and in acetonitrile (dye concentration ca. 1 pM; air-equilibrated solutions). The black
spectra correspond to the M-enantiomers and the red spectra to the P-enantiomers.

for both enantiomers with |gj.m| values of about 1 x 10™* in
toluene, and no reliable responses in acetonitrile.
Interestingly, these overall CPL results show the opposite trend
to what we observed in our recent study of related borylated
arylisoquinoline CPL dyes,’® for which the chiral emitter with
the highest ICT displayed the most intense CPL emission
intensity. This comparison clearly highlights the influence of
the substituent position on the photophysical and chiroptical
properties of the azabora[5]helicene building block. The CPL
signals of 5e and 5f are too weak to be detected, except for 5f
in toluene. For the former dye this is easily traced back to the
already very low unpolarized fluorescence (see above).

Theoretical calculations

To obtain additional insights, we have used theoretical calcu-
lations relying on TD-DFT and CC2 approaches (see the ESI{
for details). In Fig. 7 the Electron Density Difference (EDD)
plots corresponding to the S,—S; absorption for all compounds
are shown with the intention to probe the nature of the lowest-
lying excited state. One clearly notices the highly-delocalized
ICT nature of the involved transitions, where the “lower part”
of the compound acts as the donor (mostly in blue) whereas
the “top part” takes the role of the acceptor (mostly in red).
This effect is particularly pronounced for 5c¢ in which the
donating character of the amino group clearly appears. This
latter aspect is consistent with the strong solvatofluorochro-
mism that is observed for this compound (Fig. 4).

Next, we have also simulated the UV/vis-absorption and
ECD spectra on the basis of vertical TD-DFT results. The calcu-

848 | Org. Chem. Front,, 2024, 11, 843-853

lated spectra are displayed in the ESIt and agree well with the
experimental ones, though such comparisons that do not
account for vibronic couplings always remain qualitative.®®
Indeed, the trend observed for dyes 5a-c regarding the batho-
chromic shift of the absorption spectra when increasing the
donor strength of the substituent is clearly reproduced, as well
as the most intense low energy absorption band at 420 nm
observed for the pyrene compound 5f. The theoretical ECD
spectra, calculated for the M-enantiomer, are also in line with
the recorded ones, and confirm the assignment of the P and M
configuration for the isolated enantiopure compounds.

Finally, as we are well aware of the limits of TD-DFT for
many boron-containing systems,”® we have used a more
refined approach including CC2 corrections and allowing the
determination of 0-0 energies accounting for state-specific sol-
vation effects. In this way we obtained the following best esti-
mates of the vertical absorption (fluorescence): 438 (512) nm
for 5a, 458 (537) nm for 5b, 496 (618) nm for 5¢, 488 (579) nm
for 5d, 470 (844/711) nm for 5e, and 480 (568) nm for 5f. In
the 5a-c series the results are in good agreement with experi-
mental data, and more importantly with the observed trends.
The same holds for 5d and 5f with errors in the acceptable
range for such comparisons. 5e is indeed a specific case with
two conformers which will be discussed below. For the 0-0
energies, that allow well-grounded comparisons with the
experiment, the theoretical (experimental) values are 2.38
(2.69), 2.31 (2.59), 2.04 (2.34), 2.08 (2.42), and 2.07 (2.56 eV) for
5a, 5b, 5¢, 5d, and 5f, respectively. Note the virtual absence of
emission for 5e hampered the measurement of the 0-0 energy
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5d 5e 5f

Fig. 7 EDD plots for the dyes 5a—f. The blue and red lobes represent the decrease and increase of electron density upon absorption, respectively.
Contour: 1 x 1073 a.u.

in this case. The theoretical calculations yield a systematic red- of the out-of-plane deformation of the thianthrene moiety. The
shift, by —0.34 eV on average, which is an acceptable yet sig- second conformer, displayed at the bottom left of Fig. 8,
nificant error for this level of theory. resembles the X-ray crystal structure shown in Fig. 2.

For compound 5e we could identify two conformers in the Interestingly, the two structures have almost the same energy
ground electronic state (see Fig. 8), depending on the direction according to the calculations (we compute a difference smaller

So S,

Fig. 8 Representation of the optimal geometries of the two optimized conformers of 5e in the ground (left) and excited states (right).
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than 1 kcal mol™, i.e., smaller than the typical PCM-DFT error
bar), and are likely to co-exist in solution. In the excited state,
we also found two conformers, one in which the thianthrene
unit is almost becoming planar (top right in Fig. 8), and
another still kinked, the former being more stable by 2.6 kcal
mol ™" on the free energy scale. The planar conformer has a
vertical fluorescence wavelength of 844 nm and the kinked,
less stable, conformer shows a vertical emission at 710 nm.
The presence of two conformers suggests a dynamic excited-
state behavior, which combined with energy gaps smaller than
2 eV is detrimental for emission. This is in agreement with the
experimental observation of the essentially non-fluorescent
nature of 5e. The relative balance between the two species
might also change with the solvent and the experimental con-
ditions, explaining the difficulty to obtain reliable measure-
ments for the emission.

Conclusions

The family of fluorescent borylated arylisoquinolines can be
extended toward optically active dyes with helical chirality. A
flexible synthetic protocol was used to introduce electron-
donor substitution and aryl systems with extended
n-conjugation. The dyes with the most potent electron donors
show typical ICT behavior, including solvatofluorochromism
and red-shifted emission with quantum yields of up to 0.4.
The separated M- and P-enantiomers yield the observation of
mirror-imaged ECD and CPL spectra with dissymmetry factors
in the range of ca. 107>, Interestingly, the dyes with the most
pronounced ICT character in the excited state have dissymme-
try factors of about one order of magnitude smaller. The
herein realized study highlights the importance of electronic
factors on chiroptical dye properties and expands the platform
of borylated arylisoquinolines. Further improvements may be
eventually feasible by enhancing the rigidity of the dyes.
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