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A series of helical quinolizinium salts were prepared utilizing Rh-
catalyzed [2+2+2]cyclotrimerization and C—H activation processes as
the crucial synthetic steps. The cyclotrimerization of appropriately sub-
stituted diynes with trimethylsilylethyne under Rh-catalyzed conditions
provided the 1-arylisoquinolines in up to 61% isolated yields. Their
Rh-catalyzed C-H activation/annulation with various aryl and alkyl
disubstituted alkynes gave rise to [7]-helical quinolizinium salts in high
isolated yields (up to 93%). Enantioselective C—H activation was also tried
with asymmetric induction up to 62% ee. The respective boron and
platinum complexes of 1-arylisoquinolines were prepared as well. All
prepared compounds exhibit fluorescence in the orange-red light region
(606—682 nm) with & 28—99%.

Organic helical compounds are a class of substances posses-
sing a curved scaffold composed of alternating ortho-fused
rings." They have interesting physical properties for potential
applications in material science thanks to their twisted shapes
and organization in the solid state.” Incorporation of heteroatoms
into the helicene scaffold has recently emerged as an option to
change their structural flexibility and electronic properties, as
exemplified by N- and NB-embedded helicenes.*® One such
potential application of helicenes is CPL light emitting materials.
However, [n]helicenes and their respective heteroatom analogues
usually exhibit low fluorescence quantum yields (®; ~ 4%).” "
This can be explained by fast intersystem crossing from the singlet
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excited state to the triplet state, which makes them not so
attractive for further application in materials science.

In principle, there are three strategies to overcome this
problem and increase the quantum yield of compounds with
helical scaffolds: (i) introduction of appropriate substituents
and/or heteroatoms,"* ™ (ii) lateral extension of the helicene
framework,"*'® and (iii) introduction of a 9,9’-spirobifluorene
moiety,’”” because its presence has proved to avoid excimer
formation in the solid state.'® However, it should be kept in
mind that the structure-properties relationship between the
above-mentioned factors is rather complicated and often com-
bines all the afore-mentioned effects.

We envisioned that the incorporation of an azonia moiety into
the helical framework will improve its photophysical properties,
because high fluorescence quantum yields (®¢) up to 90% were
reported for various planar azonia salts.">>" Although numerous
[n]azoniahelicenes (possessing >5 ortho-condensed rings) have
been synthesized over the last two decades,”®>* just a handful of
data is available regarding photophysical properties.”>** As far as
introduction of a substituted fluorene moiety in the substrate’s
molecular framework is concerned, its presence increased @
several fold as can be exemplified by a [7}helical compound
(¢ = 40%), with an improvement by almost one order of
magnitude.'® A similar phenomenon was observed for a BN-
embedded [6]-helical compound possessing a 9,9'-dimethyl-
fluorene moiety (¥ = 42%), where the value for the maternal
BN-{6]helicene was merely 21%.>® Even higher fluorescence quan-
tum yields (up to 88%) were observed for dispiroindeno[2,1-c|fluor-
enes possessing [5], [7], and [9]helical scaffolds.””>° Application
of the above-mentioned principles may serve design and syntheses
of helical compounds having emission maxima in the red or NIR
region with reasonably high @, such as an azabuckybowl-helicene
hybrid (A = 770 nm, & = 28%),*® contorted superhelicenes (e, =
680 and 697 nm, & = 43%),>' and naphthalimide-annulated
[n]helicenes (e = 613 and 655 nm, ¢ = 69 and 73%).>*

Given our experience with the synthesis of dispiroindeno-
fluorenes*”>° and naphthoquinolizinium salts (Scheme 1a),>*

This journal is © The Royal Society of Chemistry 2025
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a) Previous work and literature:

b) This work:

6 = Regioselective Intermolecular
Cyclotrimerization

Rr2 = C-H activation / Annulation

= C-H activation / Metallation

Scheme 1 Previous works (a) and our synthetic proposal (b).

we saw an opportunity in developing a synthetic route towards
a new class of compounds that would combine both structural
features: the azonia moiety and a helical spirobifluorene frag-
ment. In this report, we would like to demonstrate that the
desired helical azonia salts 1 and helical metal complexes 2
(Scheme 1b) can be prepared utilizing two crucial steps relying
on transition metal catalyzed reactions: (a) [2+2+2] cyclotrimer-
ization and (b) C-H activation/annulation.

At the outset, we synthesized two diynols 3a and 3b bearing
the isoquinoline moiety that are the crucial substrates for
catalytic [2+2+2] cyclotrimerization from commercially avail-
able starting materials in three step synthesis (for details see
Section S2, ESIt). Having 3a and 3b in hand, screening of
different transition metal-based catalysts for the [2+2+2] cyclo-
trimerization of diynols 3 with trimethylsilylacetylene was
carried out (Table 1). The intermediate alcohols were not
isolated and directly oxidized to ketones 4 to avoid their rather
tedious separation and purification. Using an array of common
catalytic systems based on Co, Ni, and Ir complexes to induce
cyclotrimerization of 3a did not provide encouraging results
(entries 1-3). Only catalysis by using Rh complexes®® indicated
minor success (entries 4 and 5). According to "H NMR analysis
of the reaction mixtures, the desired product 4a was formed in

Table 1 Screening of various cyclotrimerization conditions of 3 to 4
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Li

O

R*—=——R?
(Cp*RhCly); (10 mol%)

ﬂ Cu(OAC), (1 eq.),
*TMms _THF, -7810 25 °C AgBF4 (1 eq.)
2) CF4COOH, reflux DCE, 100 °C

1aa-1ad
1ba-1bd

R
5a, 86%
5b, 82%

4a+4a’, R=H
4b+4b', R = MeO

R'=H R'=MeO
1aa, R? = pMeOCgH4, 92% 1ba, R? = pMeOCgH,, 90%
1ab, R? = CgHs, 60% 1bb, R? = CgHs, 81%

R2 1bc, R? = pCF3CgHy, 87%
1bd, R? = nPr, 70%

R? 1ac, R? = pCF3CgHa, 93%
1ad, R? = nPr, 80%

Scheme 2 Spirocyclization and synthesis of helical quinolizinium salts 1.

just 5% yield as a mixture of the ortho 4a and meta 4a’
regioisomers in 95:5 and 79:21 ratios, respectively. Since we
assumed that the low yields could be the result of low solubility
of the starting material 3a in non-polar solvents, the subse-
quent cyclotrimerizations were carried out in a 1:1 mixture of
THF/MeOH. The change of the solvent had a beneficial effect
on the course of the reaction and cyclotrimerization of 3a by
using the cationic Rh-complex gave a mixture of 4a and 4’a
(95:5) in 26% yield (entry 6). Increase of the catalyst loading
from 5 to 10 mol% resulted in an improved isolated yield of
59% (entry 7). Gratifyingly, applying the same reaction condi-
tions as in entry 6 provided 4b/4’b in 61% isolated yield
(entry 8). Additionally, isolation and recrystallization of 4a
and 4b followed by single crystal X-ray diffraction analyses
unequivocally confirmed their structures (see Section S5, ESIT).
Since it has been previously shown that a proper choice of
ligands around the central metal atom can considerably influence
the regioselectivity and yields of catalytic cyclotrimerization,*¢
the use of different bidentate phosphines was screened (see
Section S2.3 and Table S3, ESI{). In general, none of these catalytic
systems could match the result obtained with dppb in terms of the
yield, albeit the use of BINAP and dppf gave higher preferential
selectivity for the formation of 4a (4:4’ = 97:3 in both cases).

T™S

1) Conditions
||| 2) MnO; orPce

3 h, 25 °c
4a or 4b 4a' or 4b’

Entry® Catalyst (mol%) Solvent Temp. (°C) ield® (%) 4/4

1 CpCo(P(EtO);)dmfu (10) Toluene 110 0

2 Ni(cod)QD (10), PPh; (20) Toluene 110 0

3 [IrCl(cod)], (10), PPh; (20) Toluene 110 0

4 Rh(cod),BF, (5), dppb (6) DCE 100 5 95/5

5¢ RhCI(PPh;); (10) THF 170 5 79/21

6 Rh(cod),BF, (5), dppb (6) THF/MeOH 100 26 95/5

74 Rh(cod),BF, (10), dppb (12) THF/MeOH 100 59 (57)° 95/5

8 Rh(cod),BF, (5), dppb (6) THF/MeOH 100 61 98/2

@ Reaction scale: 0.1 mmol; entries 1-7, 3a: R' = H; entry 8, 3b: R" = OMe. b Combined isolated yields. ¢ Performed in a MW reactor. 4 0.25 mmol

scale. ¢ 1.5 mmol scale.

This journal is © The Royal Society of Chemistry 2025 Chem. Commun., 2025, 61, 4662-4665 | 4663
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Next, mixtures of regioisomeric ketones were converted to
spirofluorenes 5a and 5b in a reaction sequence comprising
1,2-addition of lithiobiphenyl (formed in situ) to the carbonyl
group followed by intramolecular Friedel-Crafts reaction
induced by trifluoroacetic acid under reflux (Scheme 2, the first
step). It is worth mentioning that acidic conditions favour not
only the intramolecular Friedel-Crafts reaction but also the
TMS-desilylation to give only one product 5a or 5b. Both
spirofluorenes 5a or 5b were successfully obtained in high
86% and 82% isolated yields over two steps, respectively.

Then, we proceeded with a rhodium-catalyzed C-H activation/
annulation of spirosubstances 5a and 5b towards the helical quino-
lizinium salts (Scheme 2, the second step). Based on our experience,
the annulation was performed by using the dimeric rhodium catalyst
[CpRhCL], in the presence of Cu(OAc), and silver salt (AgBF,) in
dichloroethane at 100 °C.>' Spirocompound 5a reacted with three
symmetric diarylethynes bearing electron-donating or electron-
withdrawing groups (pMeO-C¢H,, Ph, pCFs-C¢H,), and 4-octyne.
The corresponding helical azonia salts 1aa-1ad were formed in high
yields (up to 93%). Regarding compound 5b, the same reaction
conditions and reactants furnished products 1ba-1bd in high yields
as well (up to 90%).

Then, we attempted conversion of 1-arylisoquinoline 5a to
B,N- and Pt-embedded helical compounds (Scheme 3), because
it has been demonstrated that such substances® ° show high
appreciation for their potential applications in OLED devices.*

As for the former, 5a was treated with BBr; in the presence of
i-Pr,NEt and the subsequent methylation with trimethylalumi-
num in toluene provided azabora[7]-helical compound 2a in a
satisfactory yield of 56% (over 2 steps). As for the latter, a two-
step reaction sequence starting with 5a in the presence of
K,PtCl, in a mixture of ethoxyethanol and water under reflux
furnished a platinum dimer, which upon treatment with acetyla-
cetone in the presence of sodium carbonate yielded the expected
platinum complex 2b. Unfortunately, despite all our efforts, the
platinum complex 2b was isolated in only 8% yield so far.

UV/Vis absorption and fluorescence spectra of our [7]-helical
quinolizinium salts 1 and complexes 2 in dichloromethane are
shown in Fig. 1, the spectral data are summarized in Table 2
(for all details, see Section S4, ESIt). Only small differences in
emission maxima in the series of 1aa-1ad and 1ba-1bd were
recorded. The emission maxima for the methoxy substituted
series 1ba-1bd are bathochromically shifted by 40-50 nm with
respect to the unsubstituted series of 1aa-1ad. As far as the
substituent effect is concerned, the presence of methoxyphenyl
substituents slightly shifts the emissions towards the blue light
region (610 nm for 1aa and 647 nm for 1ba) with respect to the
phenyl substituted derivatives 1ab and 1bb (611 and 653 nm,

1)BBr; (3 eq.)
DIPA (7 eq.)
PhMe, 0 °C to reflux

1) KoPtCly (1.1 eq.)
ethoxyethanol/H,O
reflux

2) acetylacetone
Na,CO3 (9 eq.)
ethoxyethanol
reflux

2a, 56%

Scheme 3 Synthesis of helical azabora- and platinum compounds 2.
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Fig. 1 Normalized absorption and
CHzclz.

emission spectra of 1 recorded in

Table 2 Selected photochemical data for 1 in solution (CH,Cl,) and the
solid state

1 Aamax (Nm) &t I (nm) & (%)
laa 374, 506 18,7 610 (608) >99 (62)
1ab 376, 506 19, 6 611 (622) 95 (34)
1ac 379, 514 19, 6 630 (610) 86 (66)
1ad 372, 496 23,8 606 (614) 91 (21)
1ba 376, 523 21,7 647 (657) 55 (34)
1bb 378, 525 19, 6 653 (636) 47 (21)
1be 382, 537 18, 6 682 (676) 28 (24)
1bd 372,514 15, 4 641 (670) 48 (4)

“10> M~! em™. ? In parentheses are reported Apmax (Nm) in the solid
state. © In parentheses are reported ®¢ (%) in the solid state.

respectively), on the other hand the presence of (trifluoro-
methyl)phenyl substituents shifts the emission maxima
towards the red-light region (630 nm for 1ac and 682 nm for
1bc). It is worth mentioning that the trend, albeit small, is
opposite to the one observed for cationic 11-azapyrenes,”
cationic 12-azapyrene,'>*' and substituted quinolizinium
compounds.” Concerning the quantum yields, higher &; in
the range of 86-99% were recorded for 1aa-1ad, whereas for the
series possessing the methoxy substituent 1ba-1bd they
dropped to 28-55%. All of the compounds also possess a large
Stokes shift with values up to 0.491 eV. HOMO — LUMO
transitions for 1ba, 1bb, and 1bc were calculated (see the ESIf).

Concerning the metal complexes, azabora compound 2a
shows intense blue-green fluorescence with an emission max-
imum at 497 nm in CH,Cl, and 505 nm in the solid state
with quantum yields (®5) up to 34% (see Section 4, Fig. S3 and
Table S6, ESIt). Emission maxima for structurally similar
azabora-helical compounds were reported to be in the range of
459-477 nm.*”* On the other hand, the emission maximum of
2b is significantly shifted by almost 200 nm to the red-light
region (690 nm in CH,Cl, and 676 nm in the solid state)
similarly to the [7]-helical quinolizinium salts 1 (Table 1), but
with rather low quantum yield typical for the previously
reported Pt(i)-helicene complexes (1-10%).*°

Compounds 5a constitutes also a suitable substrate to
attempt an enantioselective C-H activation/annulation reaction
sequence towards helical azonia salts, which have been shown
to proceed with high asymmetric induction as reported by You
et al.** Preliminary experiments of reactions of 5a and 1,2-bis
(4-(trifluoromethyl)phenyl)acetylene as model substrates showed

This journal is © The Royal Society of Chemistry 2025
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that enantioenriched 1ac could by obtained in 62% ee by using a
catalytic system composed of C1 (10 mol%), AgBF, (1 eq.), and
Cu(OAc), (1 eq.), but in a low yield of 10% (Section S2.4, ESIt). The
level of asymmetric induction is close to the value obtained in the
synthesis of a [7]-azoniahelicene, where it reached 73% ee.”* For
full account of preliminary experiments see the ESI,} Section 2.4.

In conclusion, a short synthesis of [7]-helical quinolizinium
salts possessing a spirofluorene motif was developed by using a
Rh-catalyzed cyclotrimerization and a late stage C-H activation/
annulation reaction. In this respect, an appropriately substi-
tuted 1-arylisoquinoline motif was a suitable choice for post
functionalization and gave us access to a library of helical
quinolizinium salts, a platinum complex, and an azabora-
compound. Photo-physical properties of the prepared com-
pounds were studied, and these showed high fluorescence
(®¢ up to 99% in solution and up to 66% in solid state) with
an emission maximum range of 610-690 nm (orange-red light),
bathochromically shifted in comparison with the maternal
spirofluorenes and indenofluorenes. Furthermore, preliminary
attempts on enantioselective annulation were successful with
enantioselectivity up to 62% ee. Although these results indicate
that reasonable asymmetric induction could be achieved, it is
obvious that further extensive fine tuning of the catalyst design
will be needed to improve the results.
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