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Furo[2,3-clisoquinolines are tricyclic heteroaromatic structures that can be obtained by coupling the Ugi
reaction with a complex Pd-mediated secondary transformation. These compounds are usually blue emit-
ters, which can be converted to green emitters by modulating the electronic properties of the substituents
as well as their position on the scaffold. Here, we present a different strategy for tuning the emission pro-
perties, which is the extension of the conjugation of the scaffold after the formation of the tricyclic hetero-
cycle. This allowed us to synthesize a new library of highly conjugated and structurally complex fluoro-
phores displaying considerable emission light-up upon induced aggregation. The electronic structure of
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Introduction

The continuously increasing demand for functional molecules
and materials with novel properties’™ is particularly evident in
the field of functional dyes,* which underpin a wide range of
photonic and electronic applications.”” Control of function
through structural variation® is often closely linked to aggrega-
tion processes, ie., the transition from solution to the solid
state.'> Aggregation-induced emission (AIE)**™*° and aggrega-
tion-induced enhanced emission (AIEE)'”'® provide a versatile
framework, in which induced aggregation of fluorophores leads
to emission behaviours ranging from turn-on to substantial
luminescence enhancement, thereby enabling fine control over
material properties.'>?° These effects are commonly rational-
ized by the suppression of nonradiative decay pathways, arising
from the restriction of intramolecular motions (RIM)*'?* or
restricted access to conical intersections (RACI).>***
Aggregation-modulated emission properties have opened
numerous opportunities for luminescent functional dyes, par-
ticularly in photonic applications (e.g., photovoltaics and
OLEDs)** % as well as in biomedical applications,***® analyti-
cal science,™** and sensing.**** Notably, many such func-
tional dyes have traditionally been accessed through classical
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absorption and emission of the chromophores was rationalized by cLR-CAM-B3LYP calculations.

multistep synthetic approaches. However, these challenges can
also be addressed through diversity-oriented synthetic strat-
egies, which enable the efficient and concise assembly of func-
tional w-conjugated molecules via one-pot methodologies,
such as multicomponent reactions (MCRs).***’ In this
context, transition metal-catalyzed sequences have proven
especially powerful for the MCR-based synthesis of
fluorophores.*®*® In particular, solid-state and aggregation-
induced emissive chromophores have been successfully rea-
lized using metal-catalyzed MCR strategies.’

Post-Ugi transformations, which capitalize on the rapid
generation of structurally diverse substrates for heterocycle
synthesis, frequently involve metal-mediated cascade
processes.””** In our initial studies, a consecutive Ugi four-
component reaction (Ugi-4CR) followed by reductive Heck
cyclization enabled efficient access to highly substituted, blue-
emissive 3-hydroxyisoquinolines.** Further development of
this strategy, incorporating alkynylation, culminated in a
domino Heck cyclization-Sonogashira coupling-cyclization
sequence, affording tricyclic furo[2,3-clisoquinolines of general
structure 2 starting from 1 (1°* generation, Scheme 1).**

These compounds exhibited pronounced tunability of blue
emission and fluorescence quantum yields, which are influ-
enced by the structure of the substituents R'-R*, especially
when R? and/or R* are donors. On the other hand, substituents
R’ and R® do not significantly influence the emission, due to
the lack of conjugation with the heteroaromatic scaffold.

These properties could be further modulated and enhanced
through different donor substituents at C; and/or Cg of the
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Scheme 1 Summary of the development of the project to ensure a bathochromic effect in the emission wavelength.

heterocyclic core (compound 3 is one of the possible generic
structures we studied in the 2"¢ generation of molecules).** In
particular, an amino donor on Cg caused a significant switch
to green emitters. The biaryl substituent at C;, instead, has
almost no influence on the emission, which is due, at least in
part, to the incomplete coplanarity with the furoisoquinoline
scaffold, as demonstrated by DFT calculations.*’

To extend the luminescent furo[2,3-c]isoquinoline scaffold
toward more red-shifted emissive luminophores, we explored a
different strategy to expand the =-conjugation, which was
suggested by the benzyl substituent on C, (R® = Ar in structure
2). For this purpose, we planned to introduce a double bond-
forming elimination step following the cyclization cascade.
Herein, we report the synthetic and methodological develop-
ment of gem-diphenyl-ethenylene-substituted furo[2,3-clisoqui-
nolines and fluorenylidene furo[2,3-clisoquinolines, together
with an investigation of their photophysical properties. Emission
behavior in solution, in the solid state, and under induced
aggregation conditions is examined, and the underlying elec-
tronic structures are rationalized using TD-DFT calculations.

Results and discussion
Chemistry

Going into greater detail on the highly convergent synthetic
strategy, we started with a Ugi multicomponent reaction (MCR)
employing 2-iodobenzaldehyde, propiolic acid, an isocyanide,
and 2,4-dimethoxybenzyl (DMB) amine as an ammonia syn-
thetic equivalent to afford 1. Then, we performed the one-pot
Pd-mediated domino procedure with the inclusion of a term-
inal alkyne (Scheme 1).

3764 | Org. Chem. Front., 2026, 13, 3763-3773

This complex sequence, which we called HSCA, is illus-
trated in Scheme 2 on a specific Ugi product (1a, R®> = ¢-Bu)
and is the result of an intramolecular Heck coupling, where
intermediate 5 undergoes a copper-free Sonogashira reaction
with the terminal alkyne to afford a mixture of diastereomeric
alkenes (Z)-6 and (E)-6, probably due to a poorly stereoselective
Heck reaction. The former spontaneously undergoes
CycloAromatization, after the in situ cleavage of the DMB
group, and affords 2 as the main product, while (E)-6, unable
to cyclize for geometrical reasons, was recovered as it was. We
found that, to exploit both (Z)- and (E)-6, the addition of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) promotes a reversible
isomerization of (E)-6 to (Z)-6, allowing the complete trans-
formation of 6 into 2.**

The strategy for expanding the n-conjugation is highlighted
in the retrosynthetic plan (Scheme 3). General structure 4 can,
in principle, be obtained if a methyl propargyl ether such as 8
is used as the terminal alkyne in the HSCA sequence, trans-
forming Ugi product 1 into 7.

The advantages of using 8 are as follows: (a) OMe is a poss-
ible leaving group in the p-elimination, responsible for the
conjugation enhancement; (b) propargylic C is quaternary,
which considerably affects the yield of the HSCA, affording 7;**
and (c) the possibility of decorating the scaffold with different
substituents (groups R® with electron-donating or electron-
withdrawing properties), and different connections between
the two aromatic rings (dashed curve).

All compounds 8 required a specific, usually multistep, syn-
thesis. Moreover, we aimed to design efficient strategies poss-
ibly based on common intermediates. The synthetic planning,
as well as the issues encountered, is described in the SI, while
in Scheme 4, all the structures of compounds 8 are reported.

This journal is © the Partner Organisations 2026
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As mentioned earlier, the aim of the project was to study
the influence of alkyne 8 on the photophysical properties of 4.
For this reason, we did not explore the diversity of the com-
ponents in the Ugi reaction, with just one exception, rep-
resented by the isocyanide. Knowing that the secondary amide
arising from the isocyanide (compound 1, Scheme 3) does not
significantly affect the photophysical properties, we decided to
keep the structure of R’ fixed as ¢-Bu, using ¢-BuNC in the Ugi
reaction. However, in some cases, the ¢-Bu group was cleaved
under the conditions of p-elimination (see below), affording
the primary amide (R®> = H). For this reason, in some instances,
we used n-BuNC (R’ = n-Bu) as the isocyanide.

This journal is © the Partner Organisations 2026

The two Ugi products (1a R’ = t-Bu and 1b R® = n-Bu,
Table 1) used as starting materials were synthesized as pre-
viously reported in 85% and 95% yields, respectively.*®

We therefore focused on the previously optimized Pd-
mediated transformation®* of 1a into 7a (Table 1, entry 1), but
we observed the formation of two compounds, namely a
mixture of 7a and 4a. This indicates a strong tendency of 7a
toward elimination, but the reaction did not go to completion
even upon MW-heating after the addition of more DBU, the
base used for the isomerization of (E)-6 to (Z)-6. We eventually
found that, after work-up of the crude mixture, followed by
fast filtration over silica gel, the transformation of 7a into 4a
could be driven to completion by treatment with p-toluenesul-
fonic acid (p-TSA) in refluxing chloroform.

Nevertheless, the f-elimination turned out to be a crucial
step that required customized conditions optimized for the
synthesis of each compound 4 from the corresponding 7.

In most cases (entries 1, 2, 5-8 and 10-12), the conditions
of choice were very similar to the ones described above, with
the largest differences in reaction time and the number of
MW-heating cycles in the presence of additional DBU, before
adding p-TSA. The exact conditions for each compound are
reported in the Experimental section (see the SI).

A significant difference was observed when 8¢ was used as
the terminal alkyne in the HSCA sequence involving Ugi deriva-
tive 1a (entry 3). In this case, treatment with p-TSA in refluxing
chloroform did not promote the p-elimination at all. For this
reason, we switched to toluene as the solvent, and the mixture
was heated to reflux. This time, the transformation was accom-
plished smoothly. However, the harsh conditions used also pro-
moted the cleavage of the ¢Bu group, and we isolated the
primary amide 4c¢, (R® = H) starting from 7¢, (R® = ¢Bu).
Therefore, we repeated the whole sequence starting from Ugi

Org. Chem. Front,, 2026, 13, 3763-3773 | 3765
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Table 1 Synthesis of the library of compounds 4a—n

8 = I I = 8
RS- —R
Veo M 1 Z p-TSA
| XX 8a-n or
Pd(PPhs),Cl, (5%), MeCN/EtsN DBU
> _—
— 1:1, 90 °C, MW see text
a: =I-bu
RS, 0 . and Table 1
N" o 1b: R® = n-Bu 2)beUM0C
H
Entry R® (Ugi product) Alkyne Elimination method®? Product Yield (HSCA + p-elimination)”
1 ¢Bu (1a) 8a (X =H,H, R* = H) DBU, then p-TSA 4a 54%
2 t-Bu (1a) 8b (X =—, R®=H) DBU, then p-TSA 4b 62%
3 t-Bu (1a) 8c (X = S0,, R® = H) DBU, then p-TSA 4¢, (R’ =H) 69%
4 n-Bu (1b) 8¢ (X = SO,, R®* = H) DBU, then p-TSA 4c, (R® = n-Bu) 47%
5 ¢Bu (1a) 8d (X=—, R®=Br) DBU, then p-TSA ad 23%
6 t-Bu (1a) 8e (X =—, R®=Ph) DBU, then p-TSA 4e 54%
7 t-Bu (1a) 8f (X = —, R® = p-anisyl) DBU, then p-TSA af 42%
8 t-Bu (1a) 8g (X = —, R® = 3-thienyl) DBU, then p-TSA 4g 52%
9 ¢Bu (1a) 8h (X = —, R® = 4-pyridyl) DBU 4h 69%
10 t-Bu (1a) 8i (X = —, R® = NPh,) DBU, then p-TSA 4 58%
11 t-Bu (1a) 8j (X = —, R® = N(p-anisyl),) DBU, then p-TSA 4j 50%
12 -Bu (1a) 8k (X = —, R® = 9-carbazolyl) DBU, then p-TSA 4k 75%
13 n-Bu (1b) 8l (X = —, R® = CO,Me) DBU 41 77%
14 n-Bu (1b) 8m (X = —, R® =CN) DBU 4m 61%
15 t-Bu (1a) 8n(X=—,R*=F) DBU 4n 53%

“This column reports only the main reagent; further details can be found in the text and in the SI. ? The elimination was performed on com-
pounds 7a-n affording 4a-n. However, in case of 7¢; (R®> = t-Bu) and 7c, (R®> = n-Bu), the elimination afforded 4c, (R’ = H) and 4c, (R® = n-Bu),

respectively (see text for more details).  From Ugi product (1a or 1b).

product 1b (entry 4). Once again, the p-elimination required the
most severe conditions to proceed, but this time, we isolated
the expected furo[2,3-lisoquinoline, which we called 4c, (R> =
n-Bu). Only in a few cases (entries 9 and 13-15), the
f-elimination was complete by further addition of exclusively
DBU and MW-heating after completion of the HSCA.

For the synthesis of compounds 4l,m, we decided to start
from 1b, concerned that the presence of electron-withdrawing
substituents at positions 3,6 of the (9-methoxy-9H-fluoren-9-yl)
methyl moiety (8,m) might account for the harsher conditions
necessary for the p-elimination on the 10,10-dioxi-do-9H-thioxan-
tene-derived 7¢, and 7c¢, with an electron-withdrawing sulfone
moiety. For both compounds, the HSCA was slower, but in this
case, the p-elimination could be performed using DBU only.

3766 | Org Chem. Front,, 2026,13, 3763-3773

For 8n, with two fluorine atoms at positions 2 and 7 (entry
15), once again, the HSCA and the p-elimination were very
slow. We eventually were able to drive the reaction to com-
pletion after isolating the mixture of 7n and 4n and treating it
under MW heating at 110 °C in MeCN in the presence of
additional DBU. In contrast, the p-elimination under acidic
conditions did not work at all.

The overall yield of this procedure was good, considering
the complexity of the transformation, with the only exception
represented by 4d, most likely due to the limited compatibil-
ity of the bromine atom with Pd-catalysis. This is the reason
why we decided not to use 4d as an advanced intermediate
for functionalization at positions 3 and 6, as discussed in
the SIL

This journal is © the Partner Organisations 2026
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Photophysical properties and electronic structure of fluoren-9-
ylidene-furo[2,3-clisoquinolines 4

Longest wavelength absorption maxima for compounds 4 in
1,4-dioxane appear as intense bands in a range from 398 to
513 nm with molar extinction coefficients ¢ between 20 900
and 45900 L mol™ cm™" (Table 2).

The emission maxima in 1,4-dioxane (dexc = Amax,abs) are
found in a range from 489 to 683 nm with fluorescence
quantum yields @ between 0.01 and 0.16 (Fig. 1). Only com-
pound 4n does not exhibit any emission upon photonic exci-
tation. The Stokes shifts fall in a margin between 2500 and
4800 cm™' and indicate only minor structural changes
between the ground state and vibrationally relaxed excited
state upon photonic excitation. The emission maxima in the
solid state are red-shifted and appear, with the exception of
dyes 4i and 4j, in a range between 496 and 636 nm and with
fluorescence quantum yields @y between 0.02 and 0.22,
similar to those in solution (Fig. 2, Table 2). In general, the
quantum yields for dyes with Stokes shifts exceeding
4000 cm™" are higher, which can be attributed to diminished
competitive self-absorption. Any attempts to establish struc-
ture-property relationships for the consanguineous series of
fluorenylidene dyes 4b, 4d-4m with remote substituents R® in
conjugation to the extended n-conjugation of the furo[2,3-c]
isoquinolines were inefficacious. The fact that Amaxabs
(447 nm) and Amaxem (517 nm) of the unsubstituted dye 4b
represent the highest excitation and emission energies indi-
cates a rather complex electronic structure of photonic
excitation.

View Article Online

Research Article

wavenumber v [cm™']

40000 32000 24000 16000
1 1 1

z L15 >
S 2
b= R}
= £
c

g 5
5 1.0 8
@ ~ c
Q A [0}
© \ 2
3 ‘ R
N \ N
= \ ©
£ v tos E
£ \ 5
8 N ~ - <

0.0 T 0.0

T T T T T
300 400 500 600 700 800

wavelength A [nm]

Fig. 1 Normalized absorption (solid) and emission (dashed) spectra of
representative dyes 4a (highest absorption and emission energies, in
blue) and 4j (lowest absorption and emission energies, in red) (recorded
in 1,4-dioxane; abs: c(4a/4j) = 107> M; em: c(4a/4j) = 1077 M; at T =
293 K, Aexc(4a/4j) = Amax(4al4j)).

For rationalizing the electronic structure underlying the
absorption spectra and the nature of the longest wavelength
absorption bands, we chose a similar approach to that used for
the previously reported 2" generation of furo[2,3-clisoquinoline
fluorophores.*> DFT and TD-DFT calculations are carried out
using the program package of Gaussian 16"® with various DFT
functionals (B3LYP, CAM-B3LYP, and LC-0B97XD)" ' and

Table 2 Selected photophysical properties (absorption Amaxabs: Molar decadic extinction coefficient e, emission maximum Amaxem. fluorescence
quantum yield @&, Stokes shift in solution, and emission maximum Apmax.em and fluorescence quantum yield @y in the solid state) of fluoren-9-ylidene-
furo[2,3-clisoquinolines 4

Amax,em Solution

Stokes shift

Amax,em solid

Entry Compound Jmaxabs SOlution [nm] (e [L mol™ em™"])* [nm]® (@) A5¢Jem™]  state [nm] (&)

1 4a (X =H,H, R® = H) 263 (44 000), 398 (27 400) 489 (0.16) 4700 496 (0.18)

2 4b (X=—,R*=H) 267(42 200), 274 (32 500), 339 (8300), 425 (23 400), 517 (<0.01) 3000 591 (0.07)

447 (20 900)

3 4¢, (X = 50, R® = H, 339 (6700), 409 (16 400) 496 (<0.01) 4300 513 (0.03)
R’ = t-Bu)

4 4c, (X=50,,R®* =H, 338 (15 700), 410 (36 600) 499 (0.01) 4400 537 (0.16)
R’ = n-Bu)

5 4d (X = —, R®=Br) 279 (56 000), 346 (18 300), 444 (50 600), 468 (45 900) 534 (0.01) 2600 594 (0.02)

6 4e (X=—, R®=Ph) 262 (31 900), 272 (29 400), 284 (10 000), 346 (10 000), 518 (0.01) 2500 622 (0.22)

435 (28 400), 458 (25 900)

7 4f (X = —, R® = p-anisyl) 268 (37 000), 351 (11 700), 449 (29 100) 548 (0.01) 4000 620 (0.03)

8 4g (X=—,R®= 272 (37 800), 349 (11 800), 447 (31 300), 472 (25 900) 545 (0.01) 2800 600 (0.03)
3-thienyl)

9 4h (X=—,R%= 278 (70 300), 345 (14 400), 444 (42 200), 468 (39 100) 533 (0.01) 3800 610 (0.05)
4-pyridyl)

10 4i (X =—, R® =NPh,) 280 (43 300), 343 (23 100), 486 (32 000) 612 (0.14) 4300 —

11 4j (X =—, R®= N(p- 285 (47 400), 355 (18 300), 513 (29 100) 683 (0.03) 4800 —
anisyl),)

12 4k (X=—,R®= 258 (96 300), 291 (55 900), 326 (24 200), 340 (25 300), 554 (0.08) 4100 608 (0.03)
9-carbazolyl) 451 (44 200)

13 41(X=—,R*=CO,Me) 264 (87 300), 344 (9400), 444 (33 700), 468 (32 500) 538 (0.01) 2800 623 (0.08)

14 4m (X = —, R*=CN) 263 (57 900), 345 (5900), 450 (22 400), 472 (21 300) 539 (0.01) 2600 636 (0.07)

15 4n (X=—,R°=F) 265 (43 700), 338 (14 100), 426 (43 300), 447 (40 100) — — —

“Recorded in 1,4-dioxane, T = 298 K, c(4) = 107> M. b Recorded in 1,4-dioxane, T = 298 K, c(4) =107 M, Aexe = Aabs,max, if Dot specified otherwise.

€ AD = Dimaxabs — Pmax,em [CM '] 4 Recorded in an integrating sphere, T = 298 K, Aexc = Aabs,max-

This journal is © the Partner Organisations 2026
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Fig. 2 Solid-state emission of selected dyes 4 under a hand-held UV
lamp (Aexc = 365 nm).

Pople’s 6-31+G** basis set’> employing the corrected linear
response (cLR) model for implementing a state specific solvent
response.”® The polarizable continuum model (PCM) for 1,4-
dioxane as a solvent™ is chosen to allow a comparison between
calculated and experimentally determined optical transitions.
TD-DFT calculations were performed using exchange-corre-
lation functionals B3LYP, CAM-B3LYP, and LC-oB97XD to
assess the impact of exchange treatment on excitation energies,
as global hybrids like B3LYP can underestimate long-range
charge-transfer contributions, while range-separated hybrids
improve asymptotic exchange behavior.”>>’ The functionals
were benchmarked against experimental absorption and emis-
sion maxima, providing a physically meaningful validation
since these energies are observable quantities.’® %

First, the geometries of the electronic ground-state struc-
tures of selected fluoren-9-ylidene-furo[2,3-c]isoquinolines
(4b, 4k, and 4m) and the gem-diphenyl ethenylene furo[2,3-c]
isoquinoline 4a are optimized and all minimum structures
are unambiguously confirmed by analytical frequency ana-
lyses. While cLR-TD-DFT calculations with CAM-B3LYP and

View Article Online

Organic Chemistry Frontiers

LC-oB97XD functionals underestimate the lowest energy
absorption bands in comparison to B3LYP, CAM-B3LYP con-
sistently gives the smallest AEajcd-exp in a range from 0.1728
to 0.2939 eV, and concomitantly high oscillator strengths are
well aligned with intense n—rn* (LE) transitions with no indi-
cation of strongly long-range charge-transfer character. In the
consanguineous series of fluorenylidene dyes 4b (exp:
447 nm; caled: 409 nm), 4k (exp: 451 nm; caled: 421 nm), and
4m (exp: 472 nm; caled: 425 nm), the trend of the unsubsti-
tuted dye 4b with the highest absorption energy and the
lower absorption energies of the bis(N-carbazolyl) substituted
dye 4k and the biscyano substituted dye 4m in the experi-
mental spectra is nicely reproduced by the calculations
(Table 3, Table S3).

Most characteristically for all four calculated structures 4b,
4k, 4m, and 4a, the absorption and emission bands of the
dyes originate from HOMO-LUMO transitions with intense
LE (locally excited) character (Table 3, Fig. 3). The Kohn-
Sham FMOs reveal dominant coefficient density on the
fluoren-9-ylidene-furo[2,3-cJlisoquinoline or gem-diphenyl
ethenylene  furo[2,3-c]lisoquinoline  part,  respectively.
Coefficient density on the unsubstituted dye 4a is significant
at the position of substitution in both HOMO and LUMO.
Therefore, substitution can be expected to exert a minor
impact on the absorption spectra, as seen for both the experi-
mental and calculated spectra. The direct comparison
between fluoren-9-ylidene-furo[2,3-c]isoquinoline 4b and gem-
diphenyl ethenylene furo[2,3-clisoquinoline 4a additionally
reveals the extended n-conjugation exerted by the fluorenyli-
dene causing, as expected, a clear redshift of the absorption
band of dye 4b with respect to 4a.

Moreover, the same cLR-DFT functional CAM-B3LYP is used
for implementing a state specific solvent response to calculate
the emission spectra of dyes 4b, 4k, 4m, and 4a, which is then
employed for modelling the excitation-relaxation-emission—
relaxation cycles for dyes 4a and 4b (Fig. 4). The emission
spectra are reproduced reasonably well by the TD-DFT calcu-
lations and also the Stokes shifts of calculated and experi-
mental spectra fall into a similar region.

Table 3 Selected experimental and TD-DFT calculated (absorption: cLR-DFT functional CAM-B3LYP; basis set 6-31+G**; emission: state-specific-
DFT functional CAM-B3LYP; basis set 6-31+G**) first excited singlet states of the consanguineous dyes fluoren-9-ylidene-furo[2,3-clisoquinolines
4b, 4k, 4m, and gem-diphenyl ethenylene furo[2,3-clisoquinoline 4a in 1,4-dioxane as an extrinsic dielectric using the polarizable continuum model

(PCM)
Exp Caled (f) AEqicd-exp [€V] Dominant transition

4b Jmaxabs [M] 447 408.9 (1.2437) 0.2583 HOMO — LUMO (95.7%)
Emission [nm)] 517 496.4 (1.0833) 0.0992 HOMO — LUMO (98.2%)
Stokes shift [em™] 3000 4300

4k Absorption [nm)] 451 420.6 (1.5054) 0.1984 HOMO — LUMO (71.9%)
Emission [nm] 554 520.2 (1.3628) 0.1452 HOMO — LUMO (93.6%)
Stokes shift [em™] 4100 4600

4m Absorption [nm)] 472 424.5 (1.4051) 0.2940 HOMO — LUMO (95.8%)
Emission [nm] 539 515.0 (1.1930) 0.1069 HOMO — LUMO (98.1%)
Stokes shift [em™] 2600 4100

4a Absorption [nm)] 398 377.1 (1.0363) 0.1728 HOMO — LUMO (93.9%)
Emission [nm] 489 490.0 (0.9138) 0.0052 HOMO — LUMO (97.7%)
Stokes shift [em™] 4700 6100
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Fig. 3 Kohn-Sham FMOs of fluoren-9-ylidene-furo[2,3-clisoquinolines
(4b, 4k, and 4m) and the gem-diphenyl ethenylene furo([2,3-clisoquino-
line 4a (calculated at the cLR-TD-DFT level of theory using CAM-B3LYP/
6-31+G(d,p) including the PCM for 1,4-dioxane as a solvent dielectric).
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Fig. 4 Calculated excitation—-relaxation—emission—relaxation cycles
and most relevant frontier molecular orbitals for the Franck—Condon
absorption (S — S{¢!) and emission (Si°2 < S,) of gem-diphenyl etheny-
lene furo[2,3-clisoquinoline 4a (A) and fluoren-9-ylidene-furo[2,3-cliso-
quinoline 4b (B) at the cLR-CAM-B3LYP/6-31+G(d,p) level of theory
(including the PCM for 1,4-dioxane as a solvent dielectric).
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While the quantum yields in solution are, with the excep-
tion of dyes 4a (0.16), 4i (0.14), and 4k (0.08), rather low;
however, they are quite substantial in the solid state (up to
0.22 for dye 4e), except for strongly donor-substituted fluoren-
9-ylidene-furo[2,3-c]lisoquinolines 4i and 4j, the possibility of
emission upon induced aggregation, also known as aggrega-
tion-induced emission (AIE), comes to mind.

AIE properties of dyes 4

All dyes 4 consist of quite rigid extended n-conjugated struc-
tures, and expectedly, their solubility in water is low.
Therefore, for most dyes, upon increasing the water fraction f,,
in 1,4-dioxane solutions, aggregation is induced, as can be
seen by a light-up of green to orange emission upon UV exci-
tation (Fig. 5, Table 4).

Since most of the dyes 4 are already emissive, often with low
intensity, in 1,4-dioxane solution, with the exception of dyes 4b
and 4c,, the fractional increase of the water content causes
aggregation-induced emission enhancement. The emission
enhancement can be quite substantial, especially for those dyes
that are essentially non-emissive to the naked eye in solution

0% 10%

20% 30% 40% 50% 60% 70% 80% 90% 95%

Fig. 5 Visualization (photographs) of the AIE features of selected dyes
4a (A), 4b (B), 4c, (C), and 4m (D) in 1,4-dioxane/water mixtures of
increasing water content (water fraction, f,,, given in %) upon excitation
with a UV lamp (c(4) = 1077 M, Ay = 365 nm).
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Table 4 Emission data of selected dyes 4 in solution (1,4-dioxane), in the solid state, and upon induced aggregation (water fractions f,, in 1,4-
dioxane solutions range from 0 to 95%) (recorded in an integrating sphere, T = 298 K, Aexc = Aabs,max)

Solution Solid state Emission upon induced aggregation

Dye lmax,em ((pf,max) /Imax,em ((pf,max) ﬂmax,em ((pf,max)yfw@‘pf,max
4a 489 (0.16) 496 nm (0.18) 488.2 nm (0.59), f, = 70%
4b 517 (<0.01) 591 nm (0.07) 587.4 nm (0.07), fiy = 60%
4c, 496 (<0.01) 513 nm (0.03) 529.2 nm (0.15), fiy = 90%
4c, 499 (0.01) 537 nm (0.16) 518.4 nm (0.28), fiy = 70%
ad 534 (0.01) 594 nm (0.02) 595.4 nm (0.08), fiy = 40%
e 518 (0.01) 622 nm (0.22) 519.4 nm (0.02), f;, = 20%"°
af 548 (0.01) 620 nm (0.03) 606.2 nm (0.11), iy = 50%
ag 545 (0.01) 600 nm (0.03) 558.4 nm (0.02), f;, = 30%”
4h 533 (0.01) 610 nm (0.05) 606 nm (0.09), f,, = 50%
4k 554 (0.08) 608 nm (0.03) 594.8 nm (0.12), fi, = 30%°
4l 538 (0.01) 623 nm (0.08) 644.8 nm (0.11), iy = 60%
4m 539 (0.01) 636 nm (0.07) 632 nm (0.10) f,, = 60%

“ An additional intensity maximum is found at 600 nm (@¢max = 0.017), f;, = 50%. b An additional intensity maximum is found at 622.4 (Pgmax =
0.014), fi, = 50%. ° An additional intensity maximum is found at 623.4 nm (P¢max = 0.04), fi, = 80%.

(dyes 4b and 4c,). The emission spectra of the aggregate solu-
tion at the maximum quantum yield quite nicely underline that
these emission bands fall into the same energy range as for the
solid-state maxima. Therefore, the molecules in the initial
aggregates already adopt similar orientations to those in the
solid state. However, in two cases (dyes 4e and 4g) where the
emission band of AIEE is closer to the solution emission,
additional bands arise from coagulation, which mostly
coincides with the emission band maxima of the corresponding
solid-state spectra. The comparison of the emission behavior of
induced aggregation of the parent compound of fluoren-9-
ylidene-furo[2,3-clisoquinoline 4b with the unlocked, more
dynamic gem-diphenyl ethenylene furo[2,3-c]isoquinoline 4a
clearly reveals the difference between AIE (4b) and AIEE (4a).

Upon aggregation, the 30-fold emission enhancement of 4b
compared to solution can be seen as a turn-on of lumine-
scence, whereas for dye 4a, which already displays significant
emission (®P¢max = 0.16) in pure 1,4-dioxane, the green emis-
sion enhancement boosts up to @¢max = 0.59 at fi, = 70%. This
can also be seen by the bright emission in the volumetric
flask. The latter dye, 4a, is suitable for designing AIEE dyes,
which display considerably enhanced emission, whereas
fluoren-9-ylidene-furo[2,3-clisoquinolines 4b-m can be con-
sidered as turn-on AIE dyes with tunable emission color from
green over yellow to orange red.

Conclusions

In conclusion, we optimized a robust methodology for the
preparation of a library of highly conjugated and structurally
complex furo[2,3-clisoquinolines in just three steps: a Ugi mul-
ticomponent reaction to afford a peptide framework endowed
with two additional functional groups involved in complex Pd-
mediated cyclization upon addition of a terminal alkyne with a
leaving group in the propargylic position and finally
f-elimination enabling connection of the furoisoquinoline
scaffold with a highly conjugated aromatic moiety.

3770 | Org. Chem. Front., 2026, 13, 3763-3773

Furo[2,3-c]isoquinolines with extended =-conjugation by
gem-diphenyl ethenylene or fluorenylidene substitution all
display redshifted absorption bands in comparison with pre-
viously reported core substituted furo[2,3-c]isoquinolines. The
lowest energy absorption bands can be predominantly
assigned to intense n-n* (LE) transitions by TD-DFT calcu-
lations. In addition, the title compounds also display distinct
bathochromically shifted luminescence, which can be seen as
greenish to yellowish to orange-red emission with variable
intensity.

Although only a few fluorenylidene-expanded furo[2,3-c]iso-
quinoline dyes exhibit substantial fluorescence quantum yield
and most other congeners only emit very weakly, almost all
dyes are highly luminescent in the solid state and also show
remarkable turn-on of luminescence upon induced aggrega-
tion in 1,4-dioxane/water mixtures. While for the gem-diphenyl
ethenylene-substituted furo[2,3-c]isoquinoline, this increase of
luminescence can be clearly considered as aggregation-
induced emission enhancement, fluorenylidene-expanded furo
[2,3-c]isoquinolines rather display typical AIE behaviour, with
green over yellow to orange-red luminescence in the induced
aggregates, some with quite remarkable fluorescence quantum
yields. The excitation-relaxation-emission-relaxation cycle of
the gem-diphenyl ethenylene-substituted furo[2,3-c]lisoquino-
line and the parent fluorenylidene furo[2,3-clisoquinoline dye
is well reproduced by TD-DFT calculations for rationalizing the
observed emission in solution.
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