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Abstract

A series of twelve dyes have been designed usin@-do-2,3-dihydro-H-
cyclopentap|naphthalen-1-ylidene)malononitrile as the electranceptor. While using
piperidine as a classical base for the Knoevenagetion, a nucleophilic attack of the amine
on the formed push-pull chromophore occurred, pcoduan azafluorenone derivative. By
varying the amine, a series of azafluorenones cbeldbtained. By using an aldehyde of
extended conjugation, a spontaneous aromatizatibowing the cyclization reaction could
also be demonstrated. The optical, electrochenpcaperties of the different dyes were

examined. Theoretical calculations were also cdwig to support the experimental results.
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Introduction

During the past decades, a great deal of effordsble@n devoted to design push-pull
chromophores as these structures can find apgiain numerous research fields ranging
from Non-Linear Applications (NLO]L-6] to Organic Photovoltaics (OPVs) [7-12], Organ
Fields Effects Transistors (OFETSs) [13], OrganightitEmitting Diodes (OLEDs) [14] and
photoinitiators of polymerization [15-19]. Typicglla push-pull compound is composed of an

electron donor connected to an electron acceptondgn of a conjugated or a non-conjugated



spacer but dyes comprising a conjugated spacerth&enost popular ones. Among all
possible reactions to creater@onjugated linker, the Knoevenagel reaction cadimgjsn the
dehydrative condensation of an aldehyde with aivaetd methylene group is a reaction of
choice for the preparation of push-pull structuses this reaction is most generally carried
out under basic conditions. However, when stromgtebn acceptors are used, their anionic
forms are stable under basic conditions, rendetivege conditions ineffective to prepare
push-pull dyes. In this case, use of acidic coadgiare thus required, as exemplified with
Knoevenagel reactions carried out in acetic ankigdiWhen basic conditions are employed,
piperidine is without contest one of the most papulases due to its relatively high pKa
(11.1, 25°C) which is sufficient to deprotonateiated methylene groups, its low cost, its
low toxicity and easiness to evaporate [20]. Howet@ prepare dyes, the selection of the
reaction conditions is of crucial importance as #meine can further react with the newly
prepared dye, giving rise to the formation of guleducts. This drawback is notably observed
for all dyes prepared with 2-(3-oxo-2,3-dihydrB-inden-1-ylidene) malononitrile as the
electron acceptors or its derivatives. A nucleaphihttack of the amine onto the
dicyanomethylidene groups of the electron accejgtaccasionally observed. As a result of
this, 3-(dialkylamino)-1,2-dihydro-9-oxor8indeno  [2,1€] pyridine-4-carbonitrile
derivatives can be obtained (See Figure 1) [214cRen yields ranging from 17 to 51% were
obtained upon mixing one equivalent of aldehydehwohe equivalent of base and one

equivalent of electron acceptor at room temperdturé4 hours.

In 2014, a better reaction yield was reported lier synthesis o5, reaching 96%, by
opposing one equivalent of diethylamine to the gmekd push-pull dye 2-(2-(furan-2-
ylmethylene)-3-oxo0-2,3-dihydroH-inden-1-ylidene)malononitrile for 30 min. at room
temperature (see Figure 2) [22]. This unexpectedcleophilic attack on the
dicyanomethylidene group was notably observed durine synthesis of a series of
photochromes based on Donor—Acceptor Stenhouse AsIdDASA).[22] More recently, a
fluorescent probe for live cell imaging was developvith a triphenylamine using a similar
approach and6 could be obtained in 47% yield after heating f@rHours at 50°C [23].
From these different works, it can be concluded tiva formation of the push-pull compound
arises prior the nucleophilic attack of the amimgoothe dicyanomethylidene group and

therefore the cyclization reaction.
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Figure 1. Chemical structures of 3-(dialkylamino)-1,2-dihyeraxo-dH-indeno[2,1-
c]pyridine-4-carbonitrile derivative<C1-C4 formed by nucleophilic attack of the amine
catalysts.
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Figure 2. Chemical structure o€5 prepared from 2-(2-(furan-2-ylmethylene)-3-oxo-2,3
dihydro-1H-inden-1-ylidene)malononitrile and structureGs.

Also, the following mechanism was proposed to suppbe formation of 3-
(dialkylamino)-1,2-dihydro-9-oxo49-indeno [2,1€]pyridine-4-carbonitrile derivatives (See

Figure 3).
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Figure 3. Mechanism resulting in the synthesis of 3-(diadkyino)-1,2-dihydro-9-oxo049-
indeno [2,1e]pyridine-4-carbonitrile derivatives.

In this work, we report on the synthesis of two nmygh-pull dye$P1andPP2based
on 2-(3-oxo-2,3-dihydro-H-cyclopentap|naphthalen-1-ylidene)malononitril&EAl as the
electron acceptor. To datEAl has only been scarcely used to prepare dyes [RdeXpite
its promising electron-withdrawing ability. We aldmastically optimized the synthesis df-1



cyclopentap]naphthalene-1,3€2)-dioneEA2 so that this precursor &A1 could be obtained
with reaction yields higher than 90%. To evaluaie benefit oEAL in the optical properties
of PP1 and PP2, their analogue®P3 [27] and PP4 [28] using 2-(3-0x0-2,3-dihydroH-
inden-1-ylidene)malononitrile as the acceptor werepared and the optical properties
compared to those ¢?P1 andPP2 (see Figure 4). It has to be noticed that thehsgis of
these two dyesRP3 andPP4) has been previously reported in the literatusgakel to this,
during the course of our investigations, choicéhefamine used for the Knoevenagel reaction
was determined as being crucial to avoid the nytidic attack of this latter on the push-pull
structures so that a series of amines were testedtalysts. The different products obtained

during these different reactions and their propsréire also reported and discussed.
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Figure 4. Chemical structures of push-pull dyeB1l andPP2, their analoguePP3 andPP4
and the electron acceptdia\l andEA2.

Results and Discussion
1- Synthesis of the different compounds

As mentioned in the introduction section, the fegép consisted in preparifigAl
starting fromEA2. Compared to previous reports [29,30], the reacyield to getEA2 was
greatly improved, based on several modificationstally, a typical procedure to access to
EA2 consists in a Claisen reaction of a dialkyl naplghe-2,3-dicarboxylate with ethyl

acetate in the presence of a base (See Figure 5).
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Figure 5. Synthetic routes tBA1 andEAZ2.

By increasing the quantity of sodium hydride (26 imstead of 1.45 eq.) for the first
step and by elongating the decarboxylation tim&Qlinstead of 20 min.) for the second step,
the reaction yield could be increased up to 91%hdri than the 65% vyield reported in the
literature. Noticeably, safer conditions were ugedthe recrystallization step d&A2, in
which benzene was replaced by toluene. Finally, thectionalization of EA2 by
malononitrile was carried out under standard comast using sodium acetate as the base.
EAL could be obtained in 67% yield, as previously dbsd in the literature [31]. After the
preparation ofEAL, the synthesis of the different push-pull dyescdbsd in the Figure 4
were realized, starting witRP1 This synthesis consisted in a Knoevenagel reatiagween
EA1l and 4N,N-dimethylaminobenzaldehyd&D1 in the presence of a base, currently

piperidine, in ethanol for 30 min.

Unexpectedly, the reaction media turned red andsthecture of a new compound,
PP6 was confirmed by NMR spectroscopy (See FigureN&vertheless, this reactivity of
secondary amines, like piperidine, has already Wegimighted in the literature, in 2008, by
Landmesseet al. [21]. As no such reaction has been previously descrioaderninga,p-
unsaturated aldehydes, the same procedure wasfas&P2 using the same conditions.
After 30 min. of reaction, if the Nuclear MagneResonance (NMR) analyses confirmed the
absence of the targeted chromoph@&®2 in the reaction media, a red colour was also

observed for this second reaction opposid to ED2 (See Figure 6).
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Figure 6. Synthetic route to the target&P1 and PP2 dyes, and chemical structures of the
unexpectedPP5andPP6 adducts formed using piperidine as the base.

Surprisingly, analyses bjH NMR spectroscopy in CDglrevealed the electron-
donating moietyED2 not to be connected BA1. On the opposite and unexpectedly, the
covalent linkage of piperidine A1 could be easily evidenced By NMR analyses, with
the presence of two sets of signals at 1.85 an@l (38n. Presence of a singlet at 5.87 ppm
integrating for one proton could also be deteckdally, the exact structure &P5 could be

revealed by X-ray diffraction (see Figure 7).
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Figure 7.*H NMR spectrum oPP5done in CDJ (7.26 ppm) (left) and crystal structure of
PP5 (right).

The single crystals d®P5 suitable for X-ray crystallographic analyses wgrewn by
slow evaporation of CDglsolvent in the NMR tube. The detailed crystallpina data are
given in the Electronic Supporting Information.

As evidenced in the Figure 8. Mechanism inducirgftirmation of PP5 results from
the nucleophilic attack of piperidine on the pdad ketone group. After prototropy, a
dehydration reaction resulting from the deprotaratof the activated methylene group by
piperidine can occur, providingP5 as a red powder. Interestingly, attempts to peep&5
by simply refluxingEA1l in ethanol, in the presence of piperidine failegptoducePP5 and
only traces of product were detected by thin lagleromatography (TLC) even after two
hours of reflux (See Figure 6). Upon additiore®¥2, immediately, the reaction colour turned
deep red and a complete consumptioficAflL was observed within 20 minutes. If the exact
role of ED2 is not fully understoodED2 clearly favours the synthesis &P5 It can be
tentatively assigned to a role of base, this ebacttonor comprising a dimethylaniline moiety
probably facilitating the deprotonation occurrimgast step.

Considering thaPP6 was also obtained as a red solid, that its absorgroperties
are clearly centered in the visible range with alsHighest Occupied Molecular Orbital
(HOMO)-Lowest Unoccupied Molecular Orbital (LUMOgp, [21] the design and synthesis
of a series of dyes still based BA1 as the electron acceptor but differing by the etect
donating groups and the amine pendant groups watized. The first parameter investigated
was the influence of the amine on the reactiordgi@nd the optical properties of the resulting
products while keepin@gD1 as the electron donor. In this aim, five differamiines were
investigated. Secondly, the influence of the coafioy length between the electron-donating
part and the electron-withdrawing group on bothréeetion yields and the optical properties
was examined. For this purpose, another electraoricnamelyED2 was used (See Figure
10). A summary of the different product obtainedrinly these syntheses and the
corresponding reaction yields are provided in thel& 1. Even if no clear conclusion can be
made concerning the impact of the basicity of timeine on this reaction, we clearly
demonstrate that higher reaction yields were obthimhen cyclic aliphatic amines were used
during the synthesis oPP6-PP10(See Figure 9). It might be explained by the highe
availability of the nitrogen lone pair electronglis case. In fact, the cycle drastically inhibits

the pyramidal inversion of the nitrogen atom.
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Figure 8. Mechanism inducing the formation BP5

Concerning the disparity of the reaction yieldso ti@ctors might also be considered.
Firstly, for morpholine and pyrrolidine, no colunchromatography was necessary to get the
product in pure form, the dyes directly precipitgtiby addition of acetone to the reaction
media. In these conditions, the products could litained in high yields. As further detailed
in the NMR section, a facile protonation of the ydifo-2-azafluorenes in chloroform was
clearly evidenced, resulting in the duplicationtieé NMR signals (seeH NMR spectra in
SI).
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Figure 9. Synthetic route t&P6-PP10and crystal structure &fP1Q

Considering that CDGlis sufficiently acidic to protonate the dyes inusion, it also
means that during the purification process, a negligible part of the products was lost by
adsorption onto the stationary phase (silicagehioroform being used as the eluent.
Therefore, it may also explain wi3P9 or PP10 were isolated in pure form only in low
yields. The formation of the aromatized productested in the case ¢tP10and producing
PP10’ also contributes to reduce the final reaction yiglol confirm the chemical structure of
these dihydro-2-azafluorenes, crystals could ngthlel obtained upon slow evaporation of

chloroform. The crystal structure BP10in presented in the Figure 9.

Regarding the condensationBD2 onto EAL1 and the subsequent nucleophilic attack
of the amine, adducts totally differing in struesirfrom that obtained witlED1 were
obtained, evidencing a significant difference adatevity with the elongated aldehydD?2.
Notably, a spontaneous aromatization resultinghim formation of a pyridine group was
notably evidenced witRPP11 PP12andPP13(See Figure 10). The crystal structuredPéfl2
is presented in the Figure 10.



Table 1lIsolated yields obtained with different aminesidgrthe synthesis of azafluorenones

usingED1 or ED2 as the donors.

Amine ED1 ED2
Q\IH PP6(14%) PP5(86%)
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Figure 10. Synthetic route t®P11-PP13and crystal structure ¢fP12

Elongation of the n-conjugation therefore favoured the oxidation (atite
aromatization process), providing the pyridine adsii’PP11, PP12 and PP13 as the main
productsof a one-pot synthesis. Formation of such aromatsteictures has been previously

reported by Landmesset al. [21] While using aldehydes of short conjugationgiém by



developing a two-step procedure where chemicalam&l(KMnQ, chloranil) were used, the
access to aromatized structures was possible. &gstdhas to be noticed that Landmesser
al. also detected the coexistence of the aromatizednane-aromatized forms during the
course of their investigations, but the aromatigextiucts were only detected as a minor side-
product of the reaction. Surprisingly, while usidigctylamine as the amine, the cyclization
product was not detected in the reaction mediae&usPP2 could be isolated in pure form in
60% vyield, demonstrating either a steric hindraoicthe amine or a better kinetic favouring
the Knoevenagel reaction. After investigating tlyatsesis of the different azafluorenones
PP6-PP13 we focused our work on the synthesis of theahijtidesired push-pull dyg3P1
andPP2and their analogud3P3 andPP4 (see Figure 11).

As previously evidenced, it appeared that the naiawback encountered with
piperidine was its nucleophilicity. To overcomesthirawback, a none-nucleophilic base was
selected for the Knoevenagel reactions, namiN+diisopropylethylamine (DIPEA). Indeed,
the steric hindrance of this tertiary amine presetst nucleophilic addition onteP1-PP4 As
expected,PP1-PP4were obtained with reaction yields ranging betw&énand 65% (See
Figure 11). Formation of these products were cordit by'H and**C NMR analyses.



EtOH, DIPEA,
reflux, 68% yield

EtOH, DIPEA, l !

reflux, 44% yield \ CN

EtOH, DIPEA,
reflux, 55% vyield

0]

©[§ PP3
CN
NC
EtOH, DIPEA,
reflux, 45% yield N

PP4

Figure 11. Synthetic route t€P1-PP4

Finally, after the successful synthesidP&f1-PP4by using DIPEA as the base, the possibility
to convert these push-pull structures into azaflnones was examined. As a proof of
concept, the conversion &P1to PP6 and PP2 to PP12was examined. In the two cases,
slightly higher reaction yields were obtained comgplato the direct one-pot synthesis,
resulting from the fact that the push-pull dy@R1 andPP2 are already formed and purified

prior to the cyclization reaction occurring in firstep. (See Figure 12).
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2- *"H NMR spectroscopy study

As above-mentioned in the text, the different @aflion products proved to be highly
sensitive to the protic character of the solvemisTpoint was notably evidenced by the low
isolated reaction yields obtained for the differecdmpounds after chromatographic
purification. This also explains that most of threquct remaining immobilized on the acidic
silica gel during the complex separation of numsrptwoducts by column chromatography.
Face to this consideration, this point was alsdard by NMR spectroscopy. Two different
solvents enabling to perfectly solubilize the difiet compoundsRP6, PP7, PP8, PP9and
PP10 were tested, namely, a protic solvent i.e. chitota and an aprotic one i.e. DMSO.
Figure 13 displays the NMR datal®P8in the two selected solvents.
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Figure 13. Top: *H NMR spectra oPP8in DMSO-d. Bottom:*H NMR spectra oPP8in
CDCl; with the protonated form representing 31% of taegle. (stars indicate the NMR
signals corresponding to the product (*) and itt@mated form (*)

If a clear'H NMR spectrum corresponding to the targeted mdéewas obtained in
DMSO-a;, the coexistence of two different forms could berfd in the'H NMR spectrum of
PP8in deuterated chloroform (see Figure 13). Indéasel protonated and the none-protonated
form could be determined as being in a 31:69 ratie,none-protonated state constituting the
main form in the sample. Examination of the behavmf these five chromophores in the two
solvents revealeBP7, PP8 andPP9to be the most sensitive compounds of the saradiss
of 21:79 and 28:72 being respectively determinedPie7 and PP9. As specificity forPP7,
traces of the protonated form could be even daleate DMSO, evidencing its easy
protonation (SeéH NMR spectra in SlI). ConverselfP6 proved to be insensitive to the
acidic character of chloroform, no trace of protwrabeing detected by NMR. It has to be
noticed that all cyclization reactions have beemied out in the presence of an excess of base
so that the protonation detected By NMR can only originate from acidic traces in the

deuterated solvents.
3-UV-visible absorption and photol uminescence spectroscopy

All compounds reported in this work are stable unde, even when diluted in
solution so that photophysical measurements coaladdried out. As evidenced by NMR
analyses, if a protonation for some of the dyeprotic solvents could be demonstrated, no
photodegradation of the dyes were detected by NMifihd the course of our investigations.
Especially, no modification of the NMR signals waetected even for NMR tubes exposed to
sunlight during several weeks. In this context, diyes being stable in solution, these latter

could be characterized by UV-visible absorptioncsmscopy and the different absorption



spectra were recorded in three different solvemisnely chloroform, dichloromethane and
DMSO. Interestingly, four different but charactéadUV-visible spectra were found for the
cyclized compounds, depending of the length ofdirgjugated spacer between the electron-
donating dimethylaminophenyl group and the elecaocepting azafluorenone moiety, but
also to the fact that the pyridine group of theflamaenone moiety is aromatized or not. Thus,
the UV/Vis absorption spectra of the dihydro-2-amaenonesPP6, PP7, PP8 PP9, and
PP10 are dominated by an intensive intramolecular obdrgnsfer (ICT) band extending
between 440 and 600 nm irrespective of the sol(&ee Figure 14).
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Figure 14. UV-visible absorption spectra of dihydro-2-azafielmonesPP6-PP10in DMSO

(a), dichloromethane (b), chloroform (c) and theatfetical UV-visible absorption spectra in
dichloromethane (d).



By changing the appended amine, no shift of the K&hd was found for all
compounds, evidencing the push-pull effect to ldependent of this substituent. The lack of
contribution on the push-pull effect were confirmtsdtheoretical calculations. As illustrated
in the Figure 15 and the corresponding Figuresljrody the nitrogen atom of the pendant
amine was determined as contributing to the higlestupied Molecular Orbital (HOMO)
and the Lowest Unoccupied Molecular Orbital (LUM®p extension over the alkyl chain of
the different amines (piperidine, morpholine, dy&mine, diethylamine or pyrrolidine) was
found, justifying the dihydro-2-azafluorenones ® ibsensitive to this substitution pattern.
For all dyes, an absorption maximum peaking at 560 was determined for the five
chromophore$?P6-PP10and in the three different solvents. A HOMO-LUMOpgaf 2.48
eV was calculated for all dyes. Comparison of thgeemental absorption spectra with those
determined by theoretical calculations revealedabsorption maxima to be red-shifted by

about 13 nm relative to that determined theordyictiis latter peaking at 487 nm.
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Figure 15. Optimized geometries and contour plots of the HOM@ LUMO energy levels
for the non-aromatized azafluorenones compouR86{PP10

Besides, a good agreement between the experimamtathe theoretical values are
thus found for the absorption maxima. Apart from IBT band, three absorption peaks could
also be detected between 350 and 430 nm and owfitiseese transitions were assigned to
HOMO-5/-4/-3 — LUMO transitions admixed with HOMO-+ LUMO+1, HOMO —
LUMO+1 transitions (See Table 2).

Table 2 Summary of simulated absorption characteristicglilute dichloromethane of a
selected set of synthetized compounds. Data weesnelol in dichloromethane solution.

Compounds Romo (€V) Buwmo (€V) Amax(nm)  Transitions
PP5 -5.955 -2.914 477 HOMO->LUMO (92%)
HOMO-2->LUMO (7%)
PP6 -5.392 -2.217 496 HOMO->LUMO (95%)
PP7 -5.504 -2.320 496 HOMO->LUMO (96%)
PP8 -5.283 -2.103 496 HOMO->LUMO (89%)
HOMO-1->LUMO (9%)
PP9 -5.401 -2.211 496 HOMO->LUMO (95%)
PP10 -5.367 -2.176 487 HOMO->LUMO (92%)
PP11 -5.283 -2.379 496 HOMO->LUMO (95%)
PP12 -5.389 -2.588 506 HOMO->LUMO (96%)
PP13 -5.321 -2.454 496 HOMO->LUMO (95%)




Finally, the intense high-energy bands in the 380-8m region typically correspond
to localized aromatia-n* transitions of the chromophores. Examination it UV-visible
absorption properties in chloroform revealed theogtition spectra of all dyes to be similar to
those determined in DMSO or dichloromethane (SegurBi 14), despites the partial
protonation of the dihydro-2-azafluorenones in obflorm. Unexpectedly, elongation of the
spacer between the electron donor and the eleatrogptor irPP11, PP12andPP13resulted
in a hypsochromic shift of the absorption maximasgpective of the amine substituents.
Indeed, absorption maxima peaking at 480 nm wasddar the three dyes, blue-shifted by
about 20 nm relative to the previous series. Hgeena absence of contribution of the amino
group to the push-pull effect was evidenced, theettabsorption spectra superimposing each
other. Conversely and as anticipated, elongatidhe@tpacer resulted in a significant increase
of the molar extinction coefficients of the ICT losnfor PP11, PP12 and PP13relative to
those of the previous dihydro-2-azafluorenoreBG-PP1(), resulting from an enhancement
of the oscillator strength. Here again, comparisdgnthe theoretical and experimental
absorption spectra revealed a good agreement bethvedn. Two main transitions were
detected in DMSO, in the 350-420 nm and 420-600egions, the second one corresponding
to the ICT band of the chromophores. Positions hafs¢ transitions are close to those
determined theoretically, the simulated spectrgldisng two main absorption bands at
comparable positions (See Figure 16).
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Figure 16. Comparison between the theoretical (right) angkgerimental (left) UV-visible
absorption spectra recorded in DMSO RiR11-PP13

A difference as small as 14 nm were found betwaertheoretical (492 nm) and the
experimental (478 nm) absorption maxima. Comparafdhe theoretical calculations carried

out on the dihydro-2-azafluorenones and the 2-aae¢hones revealed the HOMO energy



level of dihydro-2-azafluorenones to benefit fromttbthe electron-donating effects of the
dimethylaminophenyl group and the amino pendantugr&onversely, as evidenced in the
Figure 17, only the dimethylaminophenyl group ofZafluorenones contributes as the

electron donor, supporting the blue-shift deteétedhe ICT bands.

Compounds HOMO LUMO

PP11

PP10’

Figure 17. Optimized geometries and contour plots of the HOM@ LUMO energy levels
for the aromatized azafluorenones compouizl(l-PP13andPP10)



Upon aromatization, a clear modification of theapsion spectra could be evidenced
between the dihydro-2-azafluorenoRP10and the 2-azafluorenor®P10’ corresponding to
the aromatized version &P1Q As shown in the Figure 18, a blue-shift of thd Iikand was
observed upon aromatization of the pyridine moigtg, absorption maximum shifting from
500 nm forPP10to 430 nm foiPP10’. These results are consistent with a reducedrefect
delocalization upon aromatization, what is notaiihgerved when quinones are converted to
hydroquinone derivatives.[32] Parallel to this, th intense high-energy bands in the 300-
350 nm region detected fétP10 were not visible anymore in the absorption spectaf
PP10’. While using the same theoretical model, onlyighsishift of the ICT band is observed
upon aromatization. Notably, absorption maxima pegpkt 481 and 448 nm are theoretically
determined forPP10 and PP10’ respectively. If a good accordance is found betwinen
experimental and the theoretical absorption maximiomPP10 (496 nm and 482 nm
respectively) andPP10’ (434 and 447 nm respectively), a complete mismbagtiween the
theoretical and experimental molar extinction coefhts was found. This is attributable to
the long alkyl chains that rendered the optimizatiof structures and the subsequent

calculations difficult to be carried out.
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Figure 18. UV-visible absorption spectra ¢tP10and PP10’ in chloroform (left) and the
theoretical ones (right).

Finally, the most intriguing absorption spectrumsvadtained foPP5, resulting from
the nucleophilic addition of piperidine on the @¢ten acceptoEAL. Presence of numerous
optical transitions could be found between 300 &0@ nm irrespective of the solvent, making
this dye a panchromatic chromophore (see FigureBl&8ed on the theoretical calculations, a



few transitions could be assigned. Notably, in386-380 nm region, the different transitions
can be assigned to an admixture of HOMGUMO+1 and HOMO-2 — LUMO
transitions. Conversely, in the 380-440 nm regitwe, absorption band is dominated by the
HOMO-1-LUMO and HOMO-LUMO+1 transitions. At low energy, a broad peak
composed of multiple transitions extending from 460 to 600 nm and dominated by the
HOMO—LUMO transition was found. An absorption maximumakiag at 506 nm was
found forPP5 close to that obtained for the dihydro-2-azafummedPP6-PP10(500 nm).
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Figure 19. UV-visible absorption spectrum &P5in DMSO (red) and chloroform (green).
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Figure 20. UV-visible spectra oPP1-PP4in chloroform (left) and the theoretical absorptio
spectra (right).

It must be noticed that the complexity of the tiaoss detected by absorption
spectroscopy can be tentatively assigned to theisteece of two forms in solution, the
neutral form and its corresponding zwitterion, ctemying the absorption spectrum. By
examining the UV spectra &P1-PP4in chloroform (see Figure 20), several trends can b
deduced. As described at the beginning of the studlyence of two factors are studied in



this paper, namely the impact of the additional ppheing on the electron-withdrawing
ability of EAL1 and the role of the conjugated spacer on the @ptimperties oPP1-PP4
Concerning the elongation of the aromatic scaftdl&EAl, a red-shift absorption by about 30
nm is observed while comparifP1andPP3,PP2andPP4i.e. at similar electron-donating
group and spacer (see Figure 20). It can be thosluded that a stabilization of the LUMO
energy level is observed f&iA1 compared to its analogue 2-(3-oxo-2,3-dihydkoitiden-1-
ylidene) malononitrile. Concerning the extensiontltd n-conjugation of the spacer P2
and PP4, an even bigger red-shift of 80 nm is detected. phaviously reported in the
literature, the HOMO of push-pull structure compsioth the electron-donating group and
the n-conjugated spacer [33]. Upon elongation of thecepaa destabilization of the HOMO
level occurs, resulting in a decrease of the HOM@MO gap and a red-shift of the
absorption spectrum towards long wavelengths. ®imal calculations carried out ¢P1-
PP4 confirmed the order determined in solution (Segufg 20) and the distribution of the
electronic density on the HOMO and LUMO energy ls{&ee Figure 21).

Compounds

PP1

PP4

Figure 21. Optimized geometries and contour plots of the HOM@ LUMO energy levels
for PP1-PP4.



Finally, the emission properties of all dyes wexareined in dichloromethane as the
solvent. Here again, each series displayed a tiyffic@escence spectrum, with an emission
centered in the visible range (See Figure 22). Tharsthe dihydro-2-azafluorenon&6-
PP1Q an emission peaking between 568 and 570 nm doeldetermined. The emission
peaks forPP11:PP13 were found at 574 nm, close to that obtained lh@ former series
despites the presence of the elongation of theugatgd spacer introduced between the donor
and the acceptor. Upon aromatization of dihnydr@&Hfaorenones, no significant change was
found in the PL spectrum &P10’, displayed an emission maximum superimposing dhat
the two previous series. Therefore, it can be cated that the energetic transition involved
in these different dyes are similar. Interestingli?5that drastically differs from the others by
the absence of the dimethylaminophenyl group ceuahit at 562 nm. Stokes shift values of
70 and 95 nm were determined for the dihydro-2iamaénonesPP6-PP10and the 2-
azafluorenonePP11-PP13espectively. It can be therefore concluded thagher electronic
redistribution occurs upon excitation of the 2-amafenones relative to the dihydro-2-

azafluorenones.
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Figure 22. Photoluminescence spectra of the different dyesrded in DCM upon excitation
at 490 nm. aPP6-PP10Q b) PP11-PP13c) PP10’ and d)PP5.

4-Cyclic Voltammetry

The electrochemical properties of all compoundsehbgen investigated by cyclic
voltammetry (CV) in a dilute solution of dichlorothane. All solutions have been deaerated
with argon for 10 minutes prior to CV measuremeBtsides this, traces of oxygen could be
still detected on certain CV spectra, attributatdlea strong interaction between dyes and
oxygen. In this context, determination of the raaucpotentials for several dyes was affected
by the presence of oxygen, underestimating theeeatgy level of the LUMO orbitals. The
redox potentials of the compounB®1-PP13are summarized in the Table 3 in which the
redox potentials are given against the half waveaion potential of the ferrocene/
ferrocenium cation couple. The values of the HOMQ 4 UMO energy levels of the
different chromophores were also determined usmthe standard the value of the oxidation
potential of ferrocene (Fc) based on the calcutgtiof Pommerehne et al. (4.8 eV vs.
vacuum). [34] The obtained values ofdmo and Euvwo are summarized in the Table 3.
Figure 23 allows a comparison of the redox poté&ntdPP1-PP4molecules. NotablyPP1
and PP2 possess the same electron acceptor and the axidpttentials vary with the
contribution of the electron-donating part thatludes the electron donor f&P1, but also

the conjugated spacer in the cas®BR
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As a result of this, elongation of the conjugatpdcer facilitates the oxidation process
in PP2relative toPP1land a decrease of the oxidation potential of 250was observed (See
Figure 23a). Parallel to this, a modification oé tteduction process centered oBi1 was
also detected, a cathodic shift of 150 mV beinglenced for the reduction peak BP2
relative toPPL1 This cathodic shift of the reduction peak upamnghtion of ther-conjugated
spacer is quite unusual, considering that the sel®&ron acceptor is present in the two
molecules. To support this shift, repartition o€ thespective HOMO and LUMO energy
levels ofPP1andPP2have to be considered. As shown in the FigurélELHOMO levels of
PP1andPP2is mainly centered onto the electron-donating graith a contribution of the
spacer. Conversely, the LUMO levels extend ovemthele molecule. As a result of this, and
due to the contribution of the electron-rich elentdonating group to the LUMO level, a
reduced electron-withdrawing ability is observedRP®2, shifting the reduction peak at lower
potential than that dPP1 While comparing the dyes at identical electronatpEAL proved
to be a better electron acceptor than 2-(3-oxodih$dro-IH-inden-1-ylidene)malononitrile,
the irreversible reduction of the electron acceptd?P1 occurring at less cathodic potentials
than forPP3 (-1.27 V vs. -1.35 V). By electrochemistry, an exdmental determination of
both the HOMO and the LUMO energy levels can beedoom the onset of the oxidation and
the reduction peaks. An electrochemical bandgapbeathus determined. As shown in the
Table 3, a good accordance between the theoretichthe optical bandgaps BP1-PP4can
be found. On the opposite, the electrochemical gapsl underestimate the values of
approximately 0.5 eV for all dyes. A different belwur was evidenced witRP5 for which
an irreversible oxidation and a reversible reductwocess could be evidenced (See Figure
23c). Considering th&P5is substituted by a piperidine group and thatakieation process
is centered on the nitrogen atom, an oxidation pedégically detected at a higher potential
than that observed f&®P1-PP4 the oxidation of aliphatic amines being moreidifft than

for the aromatic ones.

Compared taPP1-PP4 reduction ofPP5 is detected at a more cathodic potential,
attributable to the lower electron-withdrawing #hilresulting from a LUMO energy level
extending over the whole molecule and notably tleeten-donating piperidine moiety.
Figure 23d presents the voltammogram$B8 and PP9 which differ only by the nature of
the pendant amine. As evidenced by theoreticalutations, only the nitrogen atom of the
pendant amines contributes to the HOMO and LUMOrgandevels (see Figure 17). The
oxidation processes fé&tP8 andPP9 are centered on the same fragments of the molscule



that the two compounds exhibit irreversible oxidatprocesses located at identical potentials.
Similarly, the reduction processes are centerethensame part of the molecules so that a
reduction at the same potentials is observed.

Table 3. Electrochemical characteristics BP1-PP13and values of the electrochemical,
optical and theoretical bandgapsRi?1-PP13

Ered(onset on on(onset;J ELUM A4 EEI A4 Eopt A4 Eth
Ered i (V) (V) Evomo ¢ of (ev) (eV) (eVv)

Dyes (V) (V) (eV) (eV)
PP1 -1.26"  -1.19 0.66 0.56 -5.36 -3.61 175 213 214
PP2 -1.15"  -1.07 0.42 0.37 -5.17 -3.73 144 187 1091
PP3 -1.34"  -1.27 0.67 0.59 -5.39 -3.53 186 222 2.20
PP4 -1.21"  -1.13 0.45 0.39 -5.19 -3.67 152 197 197
PP5  -1.48 -1.43  0.83" , 0.72 -5.52 -3.37 1.82 247 3.04
PP6 -1.41 -1.15 0.60"; 0.32" 0.23 -5.03 -3.65 138 250 3.17
PP7 -1.35 -1.18 0.58"; 0.36" 0.25 -5.05 -3.62 143 252 3.18
PP8 -1.84 -1.75 0.63"; 0.32" 0.21 -5.01 -3.05 196 3.01 3.18
PP9 -1.79 -1.70 0.63"; 0.30" 0.21 -5.01 -3.10 191 252 3.19
PP10 -1.66 -1.62 0.74"; 0.39" 0.29 -5.09 -3.18 191 298 3.19
PP11 -1.74 -1.66 0.64; 0.36" 0.25 -5.05 -3.14 191 265 290
PP12 -1.63 -1.56 0.65; 0.40" 0.30 -5.10 -3.24 188 256 2.80
PP13 -1.72 -1.65 0.63; 0.30" 0.25 -5.05 -3.15 190 264 2.87
PP10" -1.81 -1.75 0.57" 0.40 -5.20 -3.05 215 292 3.63

2 Onset reduction potential versus ferrocengedGnseyVs. Fc);” Onset oxidation potential
versus ferrocene @xonser) VS. FC);© Enomo and Eumo Were determined from the formulas:
Enomo (V) = - 4.8 — bxonsenand Eumo (€V) = -4.8 — Red(onset)

As observed forlPP8 and PP9 PP12 and PP13 only differ by the nature of the
pendant amine. However, contribution of the nitrogégom is more limited, and restricted to
the LUMO energy level (see Figure 10). The firstdation process oPP12 and PP13is
centered on the dimethylaminophenyl group of 2{apa¢none. Since the electron donating
moiety is the same for the two molecules, theidatibn potentials are almost similar. The
reduction process is located on the 2-azafluoremame Considering that only the nitrogen
atom of amines contributes to the LUMO level antlthe aliphatic part of the aminBP12
and PP13 also reduce at almost similar reduction potentig@ee Figure 23e). While
comparingPP13 and PP10’ that differ by the length of the conjugated spaaed both
possesses an aliphatic pendant amine, similar usiods than that done f&P1/PP2can be
established. Notably, a facilitated oxidationR?13 due to an elongation of the conjugated
spacer is observed. Parallel to this, et due tad#iecalization of the LUMO level over the
whole molecule, a reduction at more cathodic paaents observed foPP10’ (see Table 3
and Figure 23f).



A final comparison is possible betwe&P10 and PP10’ (See Figure 23g). The
difference between these two molecules is in tloenatization ofPP10’ compared td*P1Q
This aromatization will have an impact on both HE@MO and LUMO distributions over the
two molecules. The aromatization BP10’ lowers its electron accepting ability compared to
PP10Q Indeed, as evidenced by theoretical calculatitmx?P10’, the LUMO level is located
on the 2-azafluorenone part of the molecule wittoatribution to the dimethylaminophenyl
group due to the coplanarity of the dimethylamirapi group with the naphthalene moiety.
Conversely, foPP1Q contribution of the dimethylaminophenyl groumpiegligible due to the
orthogonality of the dimethylaminophenyl group wikie naphthalene moiety (See Figures 15
and 17). This directly impacts the reduction patdnof the molecule, with a reduction
occurring at more cathodic potentials P10’ (-1.81 V vs. -1.56 V foPP10’ and PP10
respectively). Similarly, major differences canfband for the oxidation potentials. Indeed,
for PP1Q HOMO orbital extends over the whole molecule Juding the nitrogen amine of

the aliphatic amines.

On the opposite, foPP10’, the HOMO is only centered onto the electron-dioigat
group excluding the nitrogen of the pendant amieea result of this, oxidation ¢¥P10’ is
more difficult thanPP10and an increase of the HOMO-LUMO gap is obsengdPP10’
relative toPP1Q Consequently, a blue-shift of the ICT band isesbed forPP10’ compared
to that of PP10 (See Figure 18). Finally, a comparison between thieoretical and the
electrochemical HOMO and LUMO energy levels caneltablished. As evidenced in the
Figure 24, a good agreement can be found betweerth#oretical and the experimental
values of the HOMO energy levels since a differelogger than 0.5 eV can be determined.
Conversely, a greater difference can be found e tUMO energy levels. As already
evidenced in the Table 3 for the previous serieBRI-PP4 position of the LUMO levels is
underestimated by electrochemistry. The same csiotla can thus be established for the
present series of dy€$6-PP13andPP10.
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Figure 24. Comparison between the HOMO and LUMO energy ledekermined by cyclic
voltammetry and by theoretical calculations Rit6-PP13andPP10’,

Conclusions

To conclude, a new series of dihydro-2-azafluoresorand aromatized 2-
azafluorenones have been synthesized with a simpéepot synthesis. Influence of the
different parameters such as the amine or the spac¢he aldehydes have also been
investigated. By elongating the length of the spdeg#ween the electron donating aldehyde
and the electron acceptor, a spontaneous aromatizatcurred and lead to the formation of
the 2-azafluorenones. Major difference in the ppbysical properties of the different dyes
have been evidenced. For instance, an easy praiorfas been shown by an NMR study in
the case of the dihydro-2-azafluorenones. Finallye synergy between theoretical
calculations, UV-visible absorption and photolunsicence spectroscopy, and cyclic
voltammetry have allowed to determine the posittdrthe HOMO and the LUMO energy

levels as well as the HOMO-LUMO gap for all thegsvrcompounds.

Further investigations concerning these differarifies of compounds need to be
carried out. Notably, azafluorenones could be térast for biological applications such as
lipid droplets s-specific imaging.[35] Similarly, uph-pull dyes could be used as
photoinitiators of polymerization, active materifds solar cells or NLO applications.



Experimental Section
General informations

All reagents and solvents were purchased from éltgrAlfa Aesar or TCI Europe and used
as received without further purification. Mass spescopy was performed by the Spectropole
of Aix-Marseille University. ESI mass spectral aysss were recorded with a 3200 QTRAP
(Applied Biosystems SCIEX) mass spectrometer. THEMIS mass spectral analysis was
performed with a QStar Elite (Applied BiosystemsIBX) mass spectrometer. Elemental
analyses were recorded with a Thermo Finnigan EE2 Elemental analysis apparatus driven
by the Eager 300 softwartd and®*C NMR spectra were determined at room temperature i
5 mm o.d. tubes on a Bruker Avance 400 spectronoétiire SpectropoléH (400 MHz) and
13C (100 MHz). TheH chemical shifts were referenced to the solveakpg@DCh (7.26 ppm)
and the"*C chemical shifts were referenced to the solveakg@DCE (77 ppm). 2-(3-Oxo-
2,3-dihydro-H-inden-1-ylidene)malononitrile, [36] 3-(4-(dimethyl
amino)phenyl)acrylaldehyd&D2 [37] were synthesized as previously reported ie th
literature, without modification and in similar Yds. UV-visible absorption spectra were
recorded on a Varian Cary 50 Scan UV Visible Spgttotometer, with concentration of 5 x
102 M, corresponding to diluted solutions. Fluoreseespectra were recorded using a Jasco
FP 6200 spectrometer. The electrochemical propgediethe investigated compounds were
measured in dichloromethane by cyclic voltammetgcan rate 100 mV/s, with
tetrabutylammonium perchlorate (0.1 M) as a suppgrelectrolyte in a standard one-
compartment, three-electrode electrochemical calleu an argon stream using a VSP
BioLogic potentiostat. The working, pseudo-refeeiand counter electrodes were platinum
disk (@ = 1 mm), Ag wire, and Au wire gauze, respety. Ferrocene was used as an internal
standard, and the potentials are referred to thersile formal potential of this compound.
All CV measurements have been acquired upon deéaemitthe solutions with argon during
10 minutes prior to the acquisition of the curvMds. measurements have been carried out in
glovebox. DFT calculations [38] employing the B3LYhctionals [39,40] and 6-311+G(d,p)
basis set were performed with a Gaussian 09 praffahirhe geometry optimizations for all
the molecules were carried out without symmetryst@nts and were followed by frequency
calculations. The spectroscopic properties of téenules were calculated by mean of a time
dependent density functional theory method (TDDHER}46] Up to 10 excited states were
calculated and the theoretical absorption band® wétained by considering a band half-
width at half-maximum of 0.2 eV.[26] The assignmehtelectronic transitions fdkmax has
been determined with GaussSum 3.0 software.[47,48]

Synthesis of the el ectron acceptors and push-pull dyes
2-(3-Ox0-2,3-dihydro-H-cyclopentablnaphthalen-1-ylidene)malononitrieAl

In a dried two-necked 100 mL flask, 1H-cyclopehjafphthalene-1,3¢)-dione (1.1 g, 5.6
mmol) and malononitrile (2.2 g, 33.3 mmol) weresdised in ethanol (25 mL), and then
anhydrous sodium acetate (1.84 g) was slowly aadel@ stirring. After stirring for 2 h, the
reaction mixture was poured into ice-water, andliied to pH 1-2 by the addition of
concentred hydrochloric acid. The resulting preaigi was collected by filtration and washed



with water giving the crude product. It was finalbyrified with a flash chromatography
(eluent : DCM). Yield = 67%'H NMR (400 MHz, CDCY) &: 3.85 (s, 2H), 7.79 (dd, 2H, J =
6.2 Hz, J = 3.2 Hz), 8.07-8.19 (m, 2H), 8.49 (s),18119 (s, 1H):**C NMR (100 MHz,
CDCl) 6: 44.6, 112.3, 112.6, 125.8, 128.1, 130.5, 13036,7, 130.9, 135.8, 136.3, 136.4,
166.5, 195.3; HRMS (ESI MS) m/z: theor: 244.063drd: 244.0640 ([M] detected)

1H-Cyclopentalb]naphthalene-1,3{2dioneEA2

Diethyl naphthalene-2,3-dicarboxylate (10 g, 38.mat) was suspended in dry EtOAc (24
mL) and NaH 95% in oil (2.44 g, 96.4 mmol, 2.5 egs added. The reaction mixture was
refluxed at 105°C for 5h. After cooling, the yellosolid was filtered off and thoroughly
washed with a mixture of EtOH-F 50/50. Treatment of this solid with 200 mL of & 1
HCI solution under reflux for 1h30 furnished a ngwolid. After cooling, the solid was filtered
off, washed with water and recrystallized in toleg200 mL) overnight. The product was
obtained as a brown solid. Yield = 91%1 NMR (400 MHz, CDC}J) §: 3.38 (s, 2H), 7.66-
7.75 (m, 2H), 8.10-8.13 (m, 2H), 8.52 (s, 2t NMR (100 MHz, CDGJ) &: 46.7, 124.3,
129.7, 130.6, 136.4, 138.2, 197.6; HRMS (ESI MS2:ntieor: 196.0524 found: 196.0526
([M] ™ detected)

General procedure for the synthesis of the pushdyesPP1-PP4

2-(3-Oxo0-2,3-dihydro-H-cyclopentap|naphthalen-1-ylidene)malononitrileEA1 (0.62 g,
2.55 mmol) or 2-(3-ox0-2,3-dihydro-tinden-1-ylidene)malononitrile (0.50 g, 2.55 mmol)
and the appropriate aldehyde (4-dimethylaminobeetside (0.38 g) or 3-(4-
(dimethylamino)-phenyl)acrylaldehyde (0.45 g), 2.5tmol, 1. eq.) were dissolved in
absolute ethanol (50 mL) and a few drops of pipeedvere added. The reaction mixture was
refluxed and progress of the reaction was follovagdthin layer chromatography (TLC).
After cooling, a precipitate formed. It was filtdreff, washed several times with ethanol and
dried under vacuum.

2-(2-(4-(Dimethylamino)benzylidene)-3-0x0-2,3-dimgdlH-cyclopentablnaphthalen-1-
ylideneYmalononitrilePP1

Yield = 68%."H NMR (400 MHz, CDCJ) &: 3.23 (s, 6H), 6.77 (d, 2H, J = 9.2 Hz), 7.65-7.67
(m, 2H), 8.01-8.03 (m, 1H), 8.06-8.08 (m, 1H), 8(821H), 8.44 (d, 2H, J = 9.2 Hz), 8.57 (s,
1H), 9.14 (s, 1H) ; HRMS (ESI MS) m/z: theor: 374 found: 376.1442 ([M+H]
detected); Anal. Calc. forgH17/N3O: C, 80.0; H, 11.2; O, 4.3; Found: C, 79.8; H,3110,
4.5 %

2-(-2-(-3-(4-(Dimethylamino)phenyl)allylidene)-3-0x2,3-dihydro-H-
cyclopentablnaphthalen-1-ylidene)malononitrileP2

Yield = 44%.'H NMR (400 MHz, CDCJ) §: 3.15 (s, 6H), 6.72 (d, 2H, J = 9.0 Hz), 7.46 (d,
1H, J = 14.8 Hz), 7.66-7.68 (m, 3H), 8.02-8.08 @H), 8.32 (s, 1H), 8.61 (d, 1H, J = 11.9
Hz), 8.78 (dd, 1H, J = 12.0 Hz, J = 14.6 Hz), 94&51H) : HRMS (ESI MS) m/z: theor:



402.1601 found: 402.1600 ([M+Hpletected); Anal. Calc. for#&H1gN3O: C, 80.8; H, 4.8; O,
4.0; Found: C, 80.6; H, 4.6; O, 4.1 %

2-(2-(4-(Dimethyl-amino)benzylidene)-3-ox0-2,3-dimg-1H-inden-1-ylideneYmalononitrile
PP3

Yield = 55%."H NMR (400 MHz, CDCJ) &: 3.19 (s, 6H), 6.74 (d, 2H, J = 9.2 Hz), 7.65-7.72
(m, 2H), 7.84-7.86 (m, 1H), 8.37 (d, 2H, J = 9.2)H&62 (s, 1H), 8.64 (d, 1H, J = 8.0 Hz);
13C NMR (100 MHz, CDQJ) é: 40.2, 67.3, 111.5, 115.2, 115.4, 121.9, 122.8.4,2124.7,
133.9, 134.4, 137.3, 139.1, 139.6, 148.2, 154.3,516187.4; HRMS (ESI MS) m/z: theor:
326.3785 found: 326.3788 ([M+HHetected).

2-(2-(3-(4-(Dimethylamino)phenylallylidene)-3-0xX3-dihydro-H-inden-1-
ylidene)malononitrilePP4[28]

Yield = 45%."H NMR (400 MHz, CDC}) &: 3.12 (s, 6H), 6.70 (d, 2H, J = 8.9 Hz), 7.38 (d,
1H, J = 14.7 Hz), 7.62 (d, 2H, J = 8.9 Hz), 7.6117(m, 2H), 7.84-7.87 (m, 1H), 8.50 (d, 1H,
J = 11.9 Hz), 8.61-8.68 (m, 2HYC NMR (100 MHz, CDGJ) &: 40.1, 67.5, 112.1, 115.1,
115.2, 120.2, 122.5, 123.3, 123.9, 125.1, 130.£2.513133.9, 134.5, 137.3, 139.9, 149.0,
153.3, 156.1, 160.2, 189.7; HRMS (ESI MS) m/z: th&82.1444 found: 352.1441 ([M+H]
detected).

2-(3-(Piperidin-1-yl)-H-cyclopentablnaphthalen-1-ylidene)malononitrileP5

4-Dimethylaminobenzaldehyd&D1 (0.77 g, 5.15 mmol) and 2-(3-oxo-2,3-dihydrd-1
cyclopentap]naphthalen-1-ylidene)malononitrileAl (1.25 g, 5.15 mmol) were suspended in
20 mL absolute ethanol and a few drops of pipeediere added. Immediately, the solution
turned deep red. The flask was introduced in amath preheated at 90°C. After 15 min, the
reaction was ended (TLC control). During that tirag, extremely insoluble precipitate was
formed. After cooling, the precipitate was filtereff, washed several times with ethanol and
ether, and dried under vacuum. Yield = 86¢4:NMR (400 MHz, CDCJ) &: 1.85 (brs, 6H),
3.86 (brs, 4H), 5.87 (s, 1H), 7.52-7.57 (m, 2HY,7#7.89 (m, 3H), 8.57 (s, 1H)"*C NMR
(100 MHz, CDC}) &: °C NMR (75 MHz, CDC)) & 23.8, 26.1, 51.5, 56.9, 103.1, 116.9,
117.0, 123.7, 124.3, 128.40, 128.41, 129.5, 12188,1, 133.3, 133.5, 134.3, 161.8, 162.6;
HRMS (ESI MS) m/z: theor: 312.1495 found: 312.14®2] * detected)

General procedure for the synthesis of the pushdyesPP6-PP13

The selected aldehyde (1,64 mmol, 1 eq.) BAd (1.64 mmol, 1 eq.) were introduced in a
preheated solution of ethanol (40 mL). the seleai®ihe (0.5 mL) was added in the former
solution while boiling. Monitoring of the reactionas done by TLC and the solution was
approximately refluxed for 30 min. Depending of tamine, upon cooling, a precipitate
formed in most of the time. This solid was filtereifl and discarded. Addition of #D in the

filtrate furnished a precipitate that was filteretf, washed with ether and dried under
vacuum. In the case that no precipitation occuwpdn addition of ether, the solvent was



removed under reduced pressure and the residugowdsed by column chromatography
(SIGy).

1-(4-(Dimethylamino)phenyl)-11-o0xo-3-(piperidin-132.11-dihydro-H-
benzol5,6]indeno[2,t}pyridine-4-carbonitrilePP6

Yield = 14%.'"H NMR (400 MHz, Acetone] 5: 1.68-1.80 (m, 6H), 2.90 (s, 6H), 3.58-3.87
(m, 4H), 5.59 (d, 2H, J = 4.8 Hz), 6.71 (d, 2H, 8.8 Hz), 7.23 (d, 2H, J = 8.8 Hz), 7.48-7.61
(m, 2H), 7.74 (s, 1H), 7.93 (dd, 2H, J = 13.7 Hz J7.5 Hz), 8.20 (s, 1H/H NMR (400
MHz, CDClk) 6: 1.72-1.75 (m, 6H), 2.90 (s, 6H), 3.50-3.57 (m,)2B62-3.68 (m, 2H), 5.57-
5.60 (m, 2H), 6.67 (d, 2H, J = 8.5 Hz), 7.25 (d, 3+ 8.5 Hz), 7.40-7.48 (m, 2H), 7.71 (s,
1H), 7.77 (d, 1H, J = 7.6 Hz), 7.82 (d, 1H, J = AH), 8.18 (s, 1H)*C NMR (100 MHz,
CDCly): 25.4, 40.2, 40.4, 49.8, 54.2, 80.2, 110.9, 1122D.5, 120.9, 123.5, 124.1, 127.2,
127.9, 128.4, 129.5, 130.1, 131.9, 133.3, 133.4,.83136.2, 153.6, 157.3, 160.1, 160.2,
187.2; HRMS (ESI MS) m/z: theor: 461.2336 foundi 2833 ([M+H] detected)

1-(4-(Dimethylamino)phenyl)-3-morpholino-11-oxo-2-tlihydro-H-benzol[5,6]indeno[2,1-
clpyridine-4-carbonitrilePP7

Yield = 79%.'"H NMR (400 MHz, CDGJ) &: 2.92 (s, 6H), 3.47-3.52 (m, 4H), 3.72-3.77 (m,
4H), 5.42 (brs, 1H), 5.63 (d, 1H, J = 3.9 Hz), 6(682H, J = 8.5 Hz), 7.25 (d, 2H, J = 8.5
Hz), 7.44-7.52 (m, 2H), 7.74 (s, 1H), 7.79 (d, IH; 7.8 Hz), 7.84 (d, 1H, J = 7.8 Hz), 8.16
(s, 1H);'H NMR (400 MHz, DMSO-¢) §: 2.85 (s, 6H), 3.44-3.54 (m, 2H), 3.69-3.78 (m,
6H), 5.49 (s, 1H), 6.68 (d, 2H, J = 8.9 Hz), 7.822H, J = 8.9 Hz), 7.50-7.58 (m, 2H), 7.78
(s, 1H), 7.89 (d, 1H, J = 8.6 Hz), 7.98 (d, 1H, 8.6 Hz), 8.04 (s, 1H), 8.97 (s, 1HJC NMR
(100 MHz, DMSO-d) 6: 48.0, 49.1, 51.5, 59.3, 65.9, 112.4, 117.5, 1,1910.8, 120.2, 127.2,
128.0, 129.0, 129.8, 129.9, 131.9, 133.3, 133.8,413135.3, 149.9, 153.3, 160.2, 185.9;
HRMS (ESI MS) m/z: theor: 463.2129 found: 463.2{[a6+H] * detected)

1-(4-(Dimethylamino)phenyl)-11-o0xo-3-(pyrrolidinai}-2,11-dihydro-H-
benzol[5,6]indeno[2,t]pyridine-4-carbonitrilePP8

Yield = 36%.'"H NMR (400 MHz, DMSO-g) &: 1.85-1.95 (m, 2H), 1.99-2.08 (m, 2H), 2.85
(s, 6H), 3.62-3.70 (m, 2H), 3.71-3.80 (m, 2H), 5(d41H, J = 3.6 Hz), 6.68 (d, 2H, J = 8.8
Hz), 7.16 (d, 2H, J = 8.8 Hz), 7.49-7.55 (m, 2HY3/(s, 1H), 7.86 (d, 1H, J = 7.0 Hz), 7.96
(d, 1H, J = 7.0 Hz), 8.12 (d, 1H, J = 4.0 Hz), 8(&61H) :**C NMR (125 MHz, DMSO-g) §:
24.9, 49.9, 51.7, 56.0, 58.4, 108.8, 112.4, 11918.8, 121.3, 126.6, 127.0, 127.7, 129.2,
129.6, 130.9, 133.5, 134.2, 134.4, 135.5, 150.8,415155.5, 185.14RMS (ESI MS) m/z:
theor: 447.2179 found: 447.2179 ([M]+. detected)

3-(Diethylamino)-1-(4-(dimethylamino)phenyl)-11-02011-dihydro-H-
benzol5,6]indeno[2,t]pyridine-4-carbonitriledPP9

Yield = 10%.'H NMR (400 MHz, CDCJ) 5: 1.19 (t, 6H, J = 6.9 Hz), 2.84 (s, 6H), 3.54-3.69
(m, 4H), 5.43 (s, 1H), 6.68 (d, 2H, J = 8.7 Hz)LZ7(d, 2H, J = 8.6 Hz), 7.49-7.56 (m, 2H),
7.74 (s, 1H), 7.86 (d, 1H, J = 7.4 Hz), 7.96 (d, 14 7.4 Hz), 8.14 (s, 1H), 8.26 (s, 1C
NMR (100 MHz, CDCY) 5: 13.4, 40.0, 44.8, 51.8, 58.4, 112.3, 117.1, 11920.0, 120.5,



126.6, 127.1, 127.9, 129.1, 129.8, 130.0, 133.8,13134.5, 135.4, 149.9, 153.6, 158.0,
185.3; HRMS (ESI MS) m/z: theor: 449.2336 foundl9£2334 ([M+H] detected)

1-(4-(Dimethylamino)phenyl)-3-(dioctylamino)-11-02y11-dihydro-H-
benzol[5,6]indeno[2,t]pyridine-4-carbonitrilePP10

Yield = 5%.'H NMR (400 MHz, acetoneg)i5: 0.85 (t, 6H, J = 6.7 Hz), 1.26-1.29 (m, 20H),
1.70 (qt, 4H, J = 7.5 Hz), 2.90 (s, 6H), 3.49-3B6 2H), 3.79-3.86 (m, 2H), 5.51 (d, 1H, J =
4.5 Hz), 6.68 (d, 2H, J = 8.9 Hz), 7.22 (d, 2H, 8.8 Hz), 7.50-7.55 (m, 3H), 7.72 (s, 1H),
7.92 (t, 2H, J = 7.1 Hz), 8.29 (s, 1H)*C NMR (100 MHz, acetonegils: 14.4, 23.3, 27.2,
28.9, 29.3, 29.97, 29.99, 32.6, 40.6, 51.8, 530%,6113.3, 118.9, 120.7, 120.9, 127.8, 128.0,
128.6, 130.1, 130.7, 131.3, 134.9, 135.5, 136.2,2,3151.4, 154.6, 160.3, 187.0 ; HRMS
(ESI MS) m/z: theor: 617.4214 found: 617.4206 ([M¥Hdetected)

1-(4-(Dimethylamino)phenyl)-3-(dioctylamino)-11-0XddH-benzo[5,6]indeno[2,1-
clpyridine-4-carbonitrilePP10’

Yield = 25%."H NMR (400 MHz, CDCJ) §: 0.90 (t, 6H, J = 6.5 Hz), 1.31-1.50 (m, 20H),

1.82 (qt, 4H, J = 6.9 Hz), 3.07 (s, 6H), 3.82 {, 4 = 7.7 Hz), 4.26-4.20 (m, 1H), 6.76 (d,

2H, J = 9.0 Hz), 7.53-7.58 (m, 2H), 7.91-7.98 (H),28.04 (d, 2H, J = 9.0 Hz), 8.16 (s, 1H),

8.89 (s, 1H)3C NMR (100 MHz, CDGJ) &: 14.1, 22.6, 26.8, 28.6, 29.3, 29.4, 29.7, 31.8,
40.1, 51.2, 110.6, 116.5, 118.7, 123.7, 124.1,2,2¥8.0, 128.5, 129.4, 130.0, 131.9, 133.6,
133.8, 134.6, 136.0, 152.2, 158.2, 159.6, 160.3,118HRMS (ESI MS) m/z: theor: 615.8855

found: 615.8853 ([M+H] detected)

(E)-1-(4-(Dimethylamino)styryl)-11-oxo-3-(pyrrolidit-yl)-11H-benzo[5,6]indeno[2,1-
clpyridine-4-carbonitrilePP11

Yield = 18%."H NMR (400 MHz, CDCJ) 5: 2.06-2.10 (m, 4H), 3.05 (s, 6H), 4.04-4.06 (m,
4H), 6.71 (d, 2H, J = 8.8 Hz), 7.56-7.60 (m, 2HEZ/(d, 2H, J = 8.8 Hz), 7.94-8.01 (m, 2H),
8.03 (s, 1H), 8.17-8.22 (m, 2H), 8.79 (s, 1C NMR (100 MHz, CDG)) &: 25.5, 40.2,
49.6, 81.1, 111.9, 116.3, 118.0, 118.8, 123.8,9.2124.4, 128.0, 128.4, 130.0, 130.2, 133.7,
134.1, 134.6, 136.0, 139.8, 151.3, 156.5, 188.9YIBRESI MS) m/z: theor: 471.2179 found:
471.2181 ([M+H] detected)

(E)-1-(4-(Dimethylamino)styryl)-3-morpholino-11-oxdti-benzo[5,6]indeno[2,1-
c]pyridine-4-carbonitrilePP12

Yield = 6%.*H NMR (400 MHz, CDCJ) &: 3.05 (s, 6H), 3.93-4.00 (m, 8H), 6.70 (d, 2H, J =
8.6 Hz), 7.56-7.61 (m, 4H), 7.93-7.98 (m, 3H), 8(d41H, J = 15.5 Hz), 8.17 (s, 1H), 8.69 (s,
1H) : **C NMR (100 MHz, CDGJ) &: 40.2, 48.6, 48.8, 84.0, 110.8, 111.9, 117.5, 817.
118.0, 123.9, 124.0, 124.6, 128.3, 128.9, 130.D,213130.4, 132.1, 133.5, 133.6, 134.7,
136.0, 140.8, 151.6, 156.1, 188.9; HRMS (ESI| MSy:nifeor: 487.2129 found: 487.2127
([M+H] " detected).

(E)-3-(Diethylamino)-1-(4-(dimethylamino)styryl)-11x0-11H-benzol[5,6lindeno[2,1-
clpyridine-4-carbonitrilePP13




Yield = 5%."H NMR (400 MHz, CDC}) &: 1.37 (t, 3H, J = 6.9 Hz), 1.39 (t, 3H, J = 6.9 Hz
2.98 (s, 6H), 3.85 (g, 2H, J = 6.9 Hz), 3.87 (g, 2H= 6.9 Hz), 6.65 (d, 2H, J = 8.2 Hz), 7.51-
7.56 (m, 4H), 7.88-7.92 (m, 3H), 8.11 (d, 2H, J.2 Bz), 8.78 (s, 1H)}*C NMR (400 MHz,
CDCls) 8: 13.8, 29.7, 40.2, 45.2, 112.0, 116.6, 118.1, 1,1R4.0, 124.1, 124.3, 128.1, 128.6,
130.0, 130.1, 130.2, 132.1, 133.0, 133.1, 133.8,.113134.6, 136.0, 140.0, 151.4, 156.2,
188.2 ; HRMS (ESI MS) m/z: theor: 473.2336 found@34£2339 ([M+H] detected).
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Highlights

Push-pull dyes were prepared with a naphthal ene-based acceptor.
Amine used for the Knoevenagel reaction governed the structure of the final product.
An unexpected addition of piperidine onto the electron acceptor was observed.

The synthetic route as well as the photophysical properties are reported.
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