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Abstract: The compound class of 3-arylpropynylidene indo-

lones, key intermediates in consecutive three-component
syntheses of various indole-based chromophores with pecu-
liar emission characteristics, are readily synthesized by a

domino insertion–coupling synthesis with an electronically
diverse substitution pattern in moderate to excellent yields.

The title compounds are formed in E/Z-ratios from 100:0 to
0:100. Besides structure elucidation by NMR-spectroscopy

and X-ray structure analysis, DFT calculations have been em-

ployed to rationalize the observed stereoselectivity. The pho-
tophysical properties of 3-arylpropynylidene indolones are

characterized by intense, tunable, solid-state emission of N-

substituted derivatives as quantified for drop-cast films. The
electronic ground state structure was corroborated by DFT
and TD-DFT calculations, showing that gradient-corrected ex-
change and correlation PBE (Perdew–Burke–Ernzerhof) func-
tionals can be successfully employed to correctly reproduce

the observed absorption characteristics of merocyanine de-
rivatives. The huge Stokes shifts strongly depend on the

electronic substitution pattern as supported by Hammett–
Taft correlations.

Introduction

Domino reactions[1] have inspired synthetic chemists because
they excellently represent the ideal of transforming simple

starting materials into molecules of higher complexity in a
one-pot fashion,[2] often by a single step operation. Equally in-

teresting are multicomponent reactions (MCR),[3] which are also
based on a reactivity-based concept.[4] Reactive functionalities
or intermediates formed in a previous step in the subsequent
reaction are transformed without intermediary workup. While

MCR and domino reactions have become well-established
methodologies for synthesizing natural products[5] and active
pharmaceutical ingredients,[6] their application to functional p-
electron systems[7] is receiving increasingly attention as a pow-

erful tool for chromophore design.[8] In particular, the synthesis

of luminophores, as important constituents of organic light-
emitting diodes (OLEDs),[9] fluorescent sensing units in environ-
mental analytics, and biophysical studies,[10] can now be ad-

dressed by MCR methodologies initiated by transition-metal
catalysis.[8b, 11]

Inspired by insertion/alkynylation/isomerization/Diels–Alder
sequences as domino syntheses to give conformationally ri-
gidified, intensively emissive spiro-indolones,[12] we developed
one-pot three-component syntheses of w-amino alkenylidene

push–pull indolones 1–3 (Figure 1) with peculiar solid-state
yellow-orange to red emission characteristics by simultaneous
absence of solution luminescence.[13] In a domino two-compo-
nent transformation pyranoindoles 4 with distinct protonation
or metal-coordination-induced green luminescence were gen-

erated.[14] All these one-pot synthesis are based on common
propynylidene indolones 5 as intermediates, which are directly

formed from N-halophenylalkynylamides 6 and terminal al-
kynes 7. Alkylidene indolones have been prepared by several
routes based upon cyclizing carbopalladation of N-iodophenyl-

alkynoylamides,[15, 16] and 2-alkynyl anilines,[17] followed by inter-
molecular cross-coupling. Also N-phenylpropiolamides can be

transformed to alkylidene indolones by intermolecular carbo-
palladation followed by CH activation.[18, 19] Propynylidene indo-
lones are generated from 2-alkynyl aryliminoyl chlorides[20] or

2-alkynyl arylisocyanates by Pd-catalyzed carbopalladation–al-
kynylation sequences.[21, 22]

Therefore, we became interested in addressing the distinct
synthesis of propynylidene indolones 5 as well as their elec-

tronic properties. Herein, we report the domino synthesis and
structure of propynylidene indolones 5 and their absorption
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and emission characteristics as well as studies on their elec-

tronic structure by DFT and TD-DFT calculations.

Results and Discussion

Synthesis and structure

In our initial studies on spiro-indolones and spiro-benzofurans

we already observed the formation of propynylidene indolones
as a consequence of cyclizing carbopalladation of N-iodophe-

nylalkynoylamides and esters followed by alkynylation under
Sonogashira conditions in a domino fashion at room tempera-

ture.[12a]

A quick screening of the amine bases revealed that triethyl-
amine and N,N-diisopropylethylamine are equally effective at a
slight excess (1.05 to 2.00 equivalents) to achieve a full conver-

sion of the N-iodophenylalkynoylamide and the terminal
alkyne substrates. Therefore, N-iodophenylalkynoyl amide 8
and alkyne 7 were reacted in THF at room temperature for 1–
24 h in the presence of N,N-diisopropylethylamine or triethyl-
amine and catalytic amounts of [(PPh3)2PdCl2] and CuI to fur-

nish the propynylidene indolones 5 in moderate to excellent
yield as yellow to red crystalline solids (Scheme 1, Table 1). The

substrate scope of N-iodophenylalkynoyl amides 8 and

arylacetylenes 7 is reasonably broad. The N-substituents R1

range from methyl over acetyl to sulfonyl and even hydrogen,

while the 3-alkynoyl substituent R2 is predominantly an aryl
moiety, that is, phenyl, p-chlorophenyl, or p-anisyl, but also a

trimethylsilyl group (Table 1, entry 24). The remote alkynyl sub-
stituent R3 of the arylacetylenes 7 can be varied from electron-

poor over electroneutral to electron-rich moieties in all combi-

nations.
Based upon the product analysis and the occurrence of

double signal sets in the proton and carbon NMR spectra in

some cases, a double bond diastereotopy can be assumed.
Indeed, the E/Z ratios vary in a broad range from 100:0 (e.g. ,

compounds 5 v, 5 w, 5 x) to 0:100 (e.g. , compounds 5 d and

Figure 1. Indolone-based chromophores 1–4 by divergent one-pot transformations of propynylidene indolone intermediates 5, formed en route from N-halo-
phenylalkynylamides 6 and terminal alkynes 7 by an insertion-alkynylation domino sequence.

Scheme 1. Domino inserting–coupling synthesis of propynylidene indolones
5 and mechanistic rationale.

Chem. Eur. J. 2018, 24, 14712 – 14723 www.chemeurj.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim14713

Full Paper

http://www.chemeurj.org


Table 1. Domino synthesis of propynylidene indolones 5.

Alkynoyl
amide 8

Alkyne 7 t
[h][a]

Propynylidene
indolone
5 (yield)[b]

Alkynoyl
amide 8

Alkyne 7 t
[h][a]

Propynylidene
indolone
5 (yield)[b]

1 8 a 7 a 24 13 8 f 7 f 15

5 a (99 %, E/Z = 60:40) 5 m (96 %, E/Z = 62:38)

2 8 a 7 b 20 14 8 f 7 g 15

5 b (98 %, E/Z = 80:20) 5 n (34 %, E/Z = 97:3)

3 8 b 7 b 16 15 8 f 7 h 15

5 c (95 %, E/Z = 75:25) 5 o (75 %, E/Z = 88:12)

4 8 c 7 a 12 16 8 f 7 i 15

5 d (99 %, E/Z = 0:100) 5 p (55 %, E/Z = 50:50)

5 8 c 7 a 16 17 8 f 7 j 15

5 e (90 %, E/Z = 33:67) 5 q (53 %, E/Z = 33:66)

6 8 d[d] 7 b 20 18 8 g 7 c 15

5 f (99 %, E/Z = 50:50) 5 r (68 %, E/Z = 85:15)

7 8 d 7 a 22 19 8 g 7 d 15

5 g (99 %, E/Z = 67:33) 5 s (44 %, E/Z = 40:60)
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5 k). By flash column chromatography the isomer mixtures
were not separable. Assuming a mechanistic rationale that

starts with the oxidative addition of N-iodophenylalkynoyl
amide 8 to a Pd0 complex to give the aryl-Pd complex 9, the

syn-carbopalladation of the tethered alkynoyl moiety in a 5-
exo-dig cyclization furnishes the E-configured vinyl-Pd complex

10. While transmetallation of the Cu–alkynyl complex 12 to 10
furnishing the E-configured vinyl–alkynyl–Pd complex 13 fol-

lowed by reductive elimination to give rise to E-configured
products 5, the observed Z selectivity can be accounted to a

stereomutation that occurs after the cyclizing syn insertion, for
instance by isomerization of the E-configured vinyl–Pd com-

Table 1. (Continued)

Alkynoyl
amide 8

Alkyne 7 t
[h][a]

Propynylidene
indolone
5 (yield)[b]

Alkynoyl
amide 8

Alkyne 7 t
[h][a]

Propynylidene
indolone
5 (yield)[b]

8 8 e 7 b 16 20 8 g 7 e 15

5 h (99 %, E/Z = 40:60) 5 t (50 %, E/Z = 49:51)

9 8 e 7 a 16 21 8 g 7 f 15

5 i (98 %, E/Z = 60:40) 5 u[c] (52 %, E/Z = 44:56)

10 8 f 7 c 15 22 8 g 7 g 15

5 j (55 %, E/Z = 25:75) 5 v (79 %, E/Z = 100:0)

11 8 f 7 d 15 23 8 g 7 j 15

5 k (87 %, E/Z = 0:100) 5 w (47 %, E/Z = 100:0)

12 8 f 7 e 15 24 8 h 7 a 1

5 l (69 %, E/Z = 40:60) 5 x (57 %, E/Z = 0:100)

[a] Reaction time. [b] Yield determined after purification (E/Z-ratio determined by 1H NMR spectroscopy). [c] Compound 5 u could also be obtained with an
isolated yield of 60 % from 5 m by heating with trifluoroacetic acid on silica gel. [d] Ms = methyl sulfonyl (MeSO2).
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plex 10 to the Z-configured vinyl–Pd complex 11 giving the Z-
configured vinyl–alkynyl–Pd complex 14, which undergoes re-

ductive elimination to the products Z-5. In the proton NMR
spectra of products 5 the diastereomers can be distinguished

by characteristic signals arising from anisotropy cones of the
aryl substituent R2 and the alkynyl aryl substituent R3. Most
characteristically the anisotropy shift in the 1H NMR spectra
can be detected for the H4 protons of the indolone core
(Figure 2). In the case of E-configured molecules (E)-5 the neg-

ative deshielding effect of the acetylene anisotropy cone re-

sults in a downfield shift of the H4 protons of the indolone
core to d = 8.3 to 8.6 ppm (Figure 3). In the case of the Z-con-

figured molecules (Z)-5 the upfield shift of these H4 protons to
d= 6.5 ppm sometimes leads to distinct doublets that clearly

give rise to cross peaks with phenylene protons of the aryl

substituent R2 in NOESY spectra, which are absent in the corre-
sponding spectra of (E)-5. The E/Z ratios were ultimately deter-

mined by integration of the methyl groups or the protons of
the substituents R1 giving rise to singlets in the 1H NMR spec-

tra.
Later, the structural assignment of the stereogenic propynyl-

idene double bond was additionally corroborated from X-ray

structure analyses of compounds (E)-5 m, (E)-5 u, and (E)-5 x
(Figures 4–6).[23]

Compound 5 x can be desilylated at room temperature in
92 h to give the propynylidene indolone 15 with complete re-

tention of the double bond configuration (Scheme 2), as un-

ambiguously supported by NMR spectroscopy and corroborat-
ed by an X-ray structure analysis (Figure 7).

For further elucidation of the observed stereomutation after
the cyclizing syn insertion, the diastereomeric mixture of com-

pound 5 m was separated by aid of a chiral cyclodextrin
column (eluent n-hexane/2-propanol 95:5) to furnish diaste-

reoisomerically pure (E)-5 m (Figure 8, left and center). Interest-

Figure 2. Rationalization of the downfield shift of the H4 proton of (E)-5 and
the upfield shift of the H4-proton of (Z)-5 by their spatial proximity to alkyn-
yl and aryl anisotropy cones.

Figure 3. 1H NMR spectrum of (E/Z)-5 m (500 MHz recorded in CDCl3 at T = 298 K).

Figure 4. Molecular structure of compound (E)-5 m (50 % thermal ellipsoids,
hydrogen atoms were omitted for clarity).
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ingly, heating (E)-5 m in a refluxing mixture of THF and NEt3

for 16 h did not lead to any isomerization of (E)-5 m (Figure 8,
right). Therefore, a purely base-catalyzed double bond isomer-

ization by attack to the d-position of the propynylidene indo-
lone leading to a zwitterion capable of free rotation around

the ylidene bond can be excluded. This finding is also in agree-

ment with the finding that upon basic desilylation of com-
pound 5 x, the propynylidene indolone 14 has not lost the ste-

reochemical integrity of the double bond configuration
(Scheme 2).

In the case of less selective product formation, where E/Z-
ratios of 33:67 to 67:33 are found, the energy differences of
the double bond isomers account to 1.75 kJ mol@1 (at T =

298 K) and below. Therefore, the occasionally found selective
formation of E- or Z-configured products can be attributed to

Figure 5. Molecular structure of compound (E)-5 u (50 % thermal ellipsoids)
forming H-bonded dimers in the single crystal.

Figure 6. Molecular structure of compound (Z)-5 x (50 % thermal ellipsoids)
including the crystal packing in the elementary cell.

Scheme 2. Desilylation of propynylidene indolone 5 x.

Figure 7. Molecular structure of compound 15 (50 % thermal ellipsoids) in-
cluding the crystal packing in the elementary cell.

Figure 8. HPLC of (E/Z)-5 m (left), (E)-5 m (center), and (E)-5 m after heating to reflux temperature for 16 h in a THF/NEt3 mixture (right).
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kinetically controlled product formation. The observed stereo-
mutation most likely occurs, depending on the electronic

nature of the substituents R2 and R3, either on the stage of the

vinyl–Pd species 10/11 or vinyl–alkynyl–Pd complexes 13/14,
enabling rotations around the double bond as a consequence

of their delocalized electron density (Scheme 3).
For clarifying these questions, the sums of electronic and

thermal free energies were calculated for the pairs of geomet-
rical isomers of compounds 5 a, 5 m, and 5 q on the DFT level

of theory (B3LYP/6-311 + + G(2d,2p) using the PCM model with

dichloromethane as a solvent as implemented in Gaussian
09[24] (Table 2).

The computationally determined ratios clearly indicate the
Z-configured structures are thermodynamically favored, pre-

sumably to less steric interaction between the phenyl ring and
the indolone carbonyl oxygen atom. While for the compounds

5 a and 5 m the thermodynamically favored Z isomers are only

observed as the minor components, the situation changes for
compound 5 q. In this last case both the calculated and the ex-

perimentally determined E/Z ratio follow the same trend. From
this finding it can be concluded that origin of the stereomuta-

tion rather occurs on the stage of the vinyl–alkynyl–Pd com-

plexes 13/14, enabling a kinetically controlled reductive elimi-
nation to furnish the observed E/Z ratio. Since the specimens

10 and 11 are the same for compounds 5 m and 5 q (R1 = Boc,
R2 = Ph) the obtained E/Z ratio would be identical, if this was

the stereodiscriminating, rate-determining step. However, since
the alkynyl moiety plays a significant role it can be assumed

that the equilibration of the vinyl–alkynyl–Pd complexes 13/14
is decisive for the stereochemical result. In particular, the fast,
irreversible reductive elimination from 13/14 to the product 5
assures that the obtained products are formed under kinetic
control. A subsequent base-catalyzed E/Z isomerization can be

excluded (vide supra). Formally proceeding anti-carbopallada-
tion reactions, however, with rather electroneutral substitution,

have been recently reported by the Werz group by several ex-

amples for the formation of oligocyclic ring systems.[25]

Scheme 3. Mechanistic rationale for the stereoselectivity on the stages of vinyl–Pd species 10/11 or vinyl–alkynyl–Pd complexes 13/14.

Table 2. DFT-calculated sums of electronic and thermal free energies of compounds (E)-5 a, (Z)-5 a, (E)-5 m, (Z)-5 m, (E)-5 q, and (Z)-5 q at T = 298 K and the
calculated and experimental E/Z ratios.

(E)-5 a (Z)-5 a (E)-5 m (Z)-5 m (E)-5 q[a] (Z)-5 q[a]

0 kJ mol@1 @4.57 kJ mol@1 0 kJ mol@1 @5.73 kJ mol@1 0 kJ mol@1 @4.74 kJ mol@1

(E)-5 a/(Z)-5 a (calcd)[b] = 14:86 (E)-5 m/(Z)-5 m (calcd)[b] = 9:91 (E)-5 q/(Z)-5 q (calcd)[b] = 17:83
(E)-5 a/(Z)-5 a (exp.)[c] = 60:40 (E)-5 m/(Z)-5 m (exp.)[c] = 62:38 (E)-5 q/(Z)-5 q (exp.)[c] = 33:66

[a] The n-butyl group was truncated to Me for reducing the computation time. [b] Calculated from DG =@RTlnK (R = 8.314 J mol@1 K@1, T = 298 K). [c] Deter-
mined from the 1H NMR spectra.
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Photophysical properties and electronic structure

The propynylidene indolones 5 are intense yellow to orange
and even dark red solids and their color is determined by the

substitution pattern on all three points of diversity, that is, the
substituents R1, R2, and R3. Therefore, the absorption of com-
pounds 5 g–x in solution and the emission of compounds 5 j–q
in drop-cast films on glass plates were investigated (Table 3). In
particular, the related series of compounds 5 j–q (R1 = Boc, R2 =

Ph) allows studying the remote substituent effect of R3 in more
detail.

In the series 5 g–i, in which the N-indolone substituent R1 is
MeSO2, it can be seen that small changes in the substituent

effect cause significant shifts in the absorption maxima. The
compounds 5 g and 5 h are regioisomers, in which the sub-

stituents R2 and R3 are exchanged. For R2 = p-ClC6H4 and R3 = p-
MeOC6H4 (compound 5 g) the absorption maximum is batho-

chromically shifted in comparison to the inverse substitution
pattern (compound 5 h). If both substituents are moderately
electron-releasing (R2 = R3 = p-MeOC6H4), as for compound 5 i,
the red shift of the extended p-conjugated propynylidene in-
dolone prevails and dominates the absorption characteristics.

In the UV/Vis spectra of the compounds 5 g–x in dichloro-
methane the longest wavelength absorption maxima are

found between 350 and 485 nm with decadic molar extinction

coefficients ranging from 11 300 to 75 400 L mol@1 cm@1. In par-
ticular the introduction of strongly electron-releasing substitu-

ents at R3, such as NBu2 and pyrrolidinyl, causes a significant
bathochromic and hyperchromic shift of this longest wave-

length absorption bands to 469 to 485 nm (compounds
5 p,q,w) in comparison to weaker donating, electroneutral and

electron-withdrawing substituents, the bands for which appear
between 350 and 426 nm.

The remote substituent effect of substituent R3 on the long-
est wavelength absorption band was scrutinized by establish-

ing linear structure-property relationships based upon Ham-
mett–Taft correlations with various Hammett–Taft s parame-

ters.[26] Interestingly the best linear correlations can be found
between lmax and sR (r2 = 0.9701) (Figure 9) or sp+ (r2 = 0.9439)

(for details see Supporting Information), clearly indicating a
dominant resonance contribution for the transmission of the

substituent effect. Correlations with sp are poor (r2 = 0.8137)

and with sp@ even fail (r2 = 0.3782) for rationalizing the signifi-
cant red shift of the absorption maximum upon donor substi-

tution at position R3. The positive slopes of the reaction pa-
rameters in the correlations of sR and sp + indicate a stabiliza-

tion of the HOMO by virtue of increasing the HOMO–LUMO
gap upon introducing electron-deficient polar substituents in
the remote position of the substituent R3. As a consequence of

acceptor substitution the longest wavelength absorption
maxima lmax,abs are blue-shifted.

For further elucidating the electronic structure by assigning
the longest wavelength absorption bands to the underlying

electronic transitions, the electronic absorption spectra of the
three representative chromophores 5 a, 5 m, and 5 q in their Z

and E configurations were calculated with the corresponding
DFT geometry-optimized ground state structures on the TD-
DFT level of theory (Table 4, for details on the TD-DFT calcula-

tions, see the Supporting Information). All three chromophores
show in their experimental spectra broad, intense absorption

bands at 376 ((E/Z)-5 a), 358 ((E/Z)-5 m), and 485 nm ((E/Z)-5 q)
with large molar decadic extinction coefficients in a range be-

tween 24 100 and 29 300 L mol@1 cm@1. Compound 5 a possess-

es an additional, weaker absorption band at 452 nm
(4300 L mol@1 cm@1).

While chromophore 5 m only bears an electroneutral phenyl
substituent at position R3 of the propynylidene indolone, the

chromophores 5 a and 5 q can rather be considered as mero-
cyanines with substantial degree of charge transfer character.

Table 3. Selected solution absorption, film emission data, and Stokes
shifts of selected propynylidene indolones 5.

Absorption lmax,abs [nm][a]

(e [L mol@1 cm@1])
Absorption
lmax,abs [nm][b]

Emission
lmax,em [nm][b]

Stokes shift
Dñ [cm@1][c]

5 g 416 (15 700) – –[d] –
5 h 364 (24 300) – –[d] –
5 i 394 (35 500), 426 (46 900) – –[d] –
5 j 351 (24 100) 394 567 7700
5 k 353 (21 600) 390 554 7600
5 l 360 (16 900) 395 560 7500
5 m 358 (11 300) 388 572 8300
5 n 368 (15 300) 394 520 6100
5 o 369 (16 700) 394 533 6600
5 p 482 (75 400) 470 632 5500
5 q 485 (29 400) 480 635 5100
5 r 354 (14 700) – –[e] –
5 s 350 (15 700) – –[e] –
5 t 356 (16 000) – –[e] –
5 u 355 (14 500) – –[e] –
5 v 361 (16 000) – –[e] –
5 w 469 (23 100) – –[e] –
5 x 392 (21 400) – –[e] –

[a] Recorded in dichloromethane at T = 293 K. [b] Recorded as a drop-cast
film on a glass plate at T = 298 K. [c] Dñ = 1/lmax,abs@1/lmax,em [cm@1] .
[d] Not determined. [e] No fluorescence detected.

Figure 9. Hammett correlation of lmax,abs [cm@1] versus sR for substituents R3

in the consanguineous series 5 j–q (recorded in CH2Cl2 UVASOL at T = 293 K).
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For considering the distinctive contribution of charge transfer

excitations, the TD-DFT calculations were performed with two

different functionals and with the same basis sets ; a) CAM-
B3LYP[27]/6-311 + + G(2d,2p)[28] using the PCM model with di-

chloromethane as a solvent[29] and b) gradient-corrected ex-
change and correlation Perdew–Burke–Ernzerhof functionals

PBE1PBE[30]/6-311 + + G(2d,2p)[28] with dichloromethane as a
solvent. While the former only generally reproduces electronic
excitations with p–p* transitions, PBE functionals better incor-

porate the charge-transfer character in highly polarizable sys-
tems, such as oligothiophenes,[31] and overall lower excitation

energies as experimentally determined are obtained.[30]

For the electroneutral chromophores (E)- and (Z)-5 m the

CAM-B3LYP functional with the PCM model better reproduces
the experimental band found at 358 nm. In contrast, the mero-

cyanine type chromophores (E/Z)-5 a (452 and 376 nm) and
(E/Z)-5 q (485 nm) are better reproduced by gradient-corrected
correlation PBE functionals. In all three cases the longest wave-
lengths absorption bands can be assigned to S1 states with
dominant contributions of the underlying HOMO–LUMO ((E/Z)-
5 m, E/Z-5 q) or HOMO—LUMO and HOMO@1–LUMO ((E/Z)-
5 a) transitions (for details, see Supporting Information, sec-

tions 4.4–4.9). The inspection of the Kohn–Sham orbitals clearly

reveals that in all cases these immediate FMO transitions are
p–p* transitions with considerable charge-transfer character.

As illustrated for the geometrical isomers (E)- and (Z)-5 q
(Figure 10) the coefficient density, which is delocalized along

the axis of the 3-aryl propynylidene indolone, in HOMO (and
HOMO@1) cumulates in the p-(dimethylamino)phenyl ethynyl

moiety, whereas in the LUMO the coefficient density resides

predominantly on the indolone part and the 1-aryl substituent

of the propynylidene framework.
Moreover, all compounds 5 are nonluminescent in solution,

but upon sight all compounds with R1¼6 H display intense
yellow to deep red solid-state luminescence upon irradiation

of the solids with UV light (lmax,exc = 365 nm) (Figure 11 a). Ab-
sorption and emission spectra could be recorded from drop-
cast amorphous films on glass plates of compounds 5 j–q,

showing huge Stokes shifts Dñ in a range from 5100 to
8300 cm@1. In addition, upon HPLC separation of the geomet-
rical isomers (E)-5 m and (Z)-5 m (vide supra) it was shown that
only the (E)-configured isomer was luminescent in the solid

state; the (Z)-configured isomer does not show detectable
fluorescence. In contrast to w-amino alkenylidene push–pull in-

dolones 1–3, which are formed as single diastereomers giving
rise to sharp emission bands,[13] the N-substituted title com-
pounds 5 a–q are predominantly formed as diastereomeric

mixtures of the E- and Z-configured geometrical isomers giving
rise to relatively broad unstructured emission bands. Although,

a general trend of the substituent effect can also be recog-
nized for the excited state property of the emission behavior,

for which the emission maximum is red-shifted with increasing

electron-releasing character, all attempts to establish linear
structure–property relationships with Hammett–Taft parame-

ters sp, sR, sp + and sp@
[26] fail (for details see the Supporting In-

formation). However, the huge Stokes shifts Dñ as a measure

of the change of dipole moment by charge transfer upon exci-
tation from the ground to the excited state give moderate cor-

Table 4. Calculated (S1–S5, lmax [nm] and oscillator strength f, calculated with PBE1PBE/6-311G**/CH2Cl2 and CAM-B3LYP/6-311G**/CH2Cl2) and experimental
absorption bands of (Z/E)-5 a, (Z/E)-5 m, and (Z/E)-5 q (lmax [nm] and e [L mol@1 cm@1] determined for several concentrations c(5) between 1.0 V 10@4 m and
8.0 V 10@4 m in dichloromethane at T = 298 K) (the assigned transitions are highlighted in bold face).

(Z)-5 a (E)-5 a (Z/E)-5 a
PBE1PBE CAM-B3LYP PBE1PBE CAM-B3LYP

lmax f lmax f lmax f lmax f lmax e

S1 448.1 0.1765 389.0 0.4912 464.0 0.1389 400.3 0.3377 452 4200
S2 375.7 0.9545 336.8 0.6997 382.5 0.5664 341.4 0.4331 376 25 300
S3 345.8 0.0081 315.3 0.0055 350.6 0.1172 308.8 0.1296
S4 315.6 0.0324 277.1 0.0397 315.0 0.077 282.8 0.0400
S5 299.0 0.0015 263.4 0.045 306.1 0.0364 272.3 0.1664

(Z)-5 m (E)-5 m (Z/E)-5 m
PBE1PBE CAM-B3LYP PBE1PBE CAM-B3LYP

lmax f lmax f lmax f lmax f lmax e

S1 412.3 0.4133 371.8 0.7321 430.0 0.2941 383.7 0.5156 351 24 100
S2 362.9 0.2641 330.1 0.0062 374.4 0.1853 322.4 0.0885
S3 359.8 0.2245 313.3 0.2294 358.3 0.2206 319.0 0.1766
S4 327.7 0.0389 286.4 0.0252 327.9 0.0277 292.7 0.0269
S5 308.6 0.0153 264.3 0.0362 310.7 0.0203 273.2 0.2000

(Z)-5 q (E)-5 q (Z/E)-5 q
PBE1PBE CAM-B3LYP PBE1PBE CAM-B3LYP

lmax f lmax f lmax f lmax f lmax e

S1 469 1.1021 420 1.2109 476.3 0.9366 422.2 1.0339 485 29 300
S2 370.4 0.0314 328.1 0.0147 388.6 0.0656 335.1 0.1556
S3 354.5 0.0002 317.6 0.0684 351.0 0.0722 310.7 0.0369
S4 325.5 0.1122 284.4 0.0599 326.5 0.054 293.6 0.02
S5 308.9 0.0339 274.5 0.0063 317.8 0.0431 283.7 0.103
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relations with the Hammett–Taft parameters sp (r2 = 0.7031), sR

(r2 = 0.7060), and sp + (r2 = 0.7451) (for details, see Supporting

Information section 3). The only moderate correlations deter-

mined from the spectra of the drop-cast films indicate a signifi-
cant steric influence of substituent R3. Upon omitting the ex-

treme chromophores 5 m (R3 = Ph, no p-substituent) and 5 n
(R3 = tBu, maximal steric bulk) the Stokes shifts Dñ correlate ex-

cellently with the Hammett–Taft parameters sp (r2 = 0.9648), sR

(r2 = 0.9060), and sp + (r2 = 0.9736) (Figure 12). The positive

slopes of the reaction parameters indicate a stabilization of the

vibrationally relaxed S1 state by electron-releasing substituents

R3 and an increase of its energy by electron-deficient polar
substituents R3, thereby increasing the Stokes shifts Dñ in con-

junction with the lowering of the S0 state by electronic stabi-
lization.

The indolones 5 r–x (R1 = H) are nonluminescent in the crys-
talline or amorphous solid state. As can be seen from the ar-
rangement of the molecules in the elementary cells (Figures 5

and 7) dimers are formed by hydrogen bonding, opening addi-
tional pathways for deactivation of the S1 state both in solu-

Figure 10. TD-DFT calculated frontier molecular orbitals (FMO), longest wavelength absorption bands and assignments of the transitions of structures (Z)-5 q
and (E)-5 q (calculated with PBE1PBE/6-311 + + G(2d,2p)).

Figure 11. a) Solid-state luminescence of compounds (E/Z)-5 j, (E/Z)-5 m,
(E/Z)-5 o, and (E/Z)-5 p (lmax,exc = 365 nm) and b) fluorescence (left) and ab-
sorption (right) spectra of drop-cast films of compounds (E/Z)-5 m, (E/Z)-5 o,
and (E/Z)-5 p at T = 293 K.

Figure 12. Hammett correlation of Stokes shifts Dñ [cm@1] versus sp + for
substituents R3 in the consanguineous series 5 j–l,o–q (recorded from the
drop-cast film at T = 293 K).
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tion and in the solid state by intermolecular energy dissipa-
tion.

Conclusions

In summary 3-arylpropynylidene indolones, relevant intermedi-
ates in consecutive three-component syntheses of aggrega-

tion-induced emissive 3-amino 3-arylpropenylidene indolones,
solution and solid-state luminescent spiro-indolones, and

proto- and metallochromic pyranoindoles, can be readily syn-

thesized with a diverse substitution pattern in moderate to ex-
cellent yields. In contrast to many text book carbopalladation

reactions, in this sequence E/Z isomers of the title compounds
are found in E/Z ratios from 100:0 to 0:100. DFT calculations

on selected pairs of E- and Z-3-arylpropynylidene indolones
furnishing thermodynamic product ratios, finally allow assign-

ing the experimentally formed products as the results of a ki-
netically controlled fast, irreversible reductive elimination of

the vinyl–alkynyl–Pd complexes. An equilibration of the initially

postulated syn insertion occurs in dependence of the substitu-
ent R2 and, of course, the conjugation between the Pd frag-

ment and the lactam carbonyl center. Moreover, 3-
arylpropynylidene indolones possess interesting photophysical

properties. All N-substituted derivatives are intensively lumi-
nescent in the solid state, but not in solution. Hammett–Taft

correlation analyses of solution absorption spectral data and

the Stokes shifts obtained from measurements of drop-cast
films underline the dominance of resonance effects on the

electronic ground state and excited state structures. In addi-
tion, TD-DFT calculations on three pairs of structurally opti-

mized E- and Z-3-arylpropynylidene indolones reveal that with
increasing donor substitution at the remote aryl alkynyl posi-

tion, considerable charge transfer has to be taken into account.

In these cases the gradient-corrected exchange and correlation
PBE (Perdew–Burke–Ernzerhof) functionals correctly reproduce

the absorption bands, whereas electronically less distorted sys-
tems are better reproduced by the application of B3LYP func-

tionals. 3-Arylpropynylidene indolones not only qualify as
solid-state emitters in their own right, but also as the related

3-amino 3-arylpropenylidene indolones as chromophores, they

able to show aggregation-induced emission. The concise diver-
sity oriented synthetic approach and the emission in solid

state will be the focus ongoing study for optimizing the prop-
erties and eventually their application to multi-chromophore

systems.

Experimental Section

Synthesis and characterization

Synthesis of (Z)-tert-butyl-3-{3-[3,5-bis(trifluor)methylphenyl]-1-
phenylprop-2-ynylidene}-2-oxoindolin-1-carboxylate (5 k): a typi-
cal procedure : In an oven-dried screw-capped Schlenk tube with
magnetic stir bar under nitrogen were placed N-iodophenylalkynyl-
amide 8 f (224 mg, 0.50 mmol), the alkyne 7 d (143 mg,
0.60 mmol), and dry THF (5 mL). The solution was degassed by use
of a cannula that delivered a constant weak stream of dry nitrogen
for 5 min. Then, N,N-diisopropyl ethyl amine (130 mg, 1.00 mmol),

[PdCl2(PPh3)2] (18 mg, 25 mmol), and CuI (5.0 mg, 25 mmol) were
successively added and the reaction mixture was stirred at room
temperature for 15 h. The solvents were removed in vacuo and the
residue was purified by flash chromatography on silica gel
(hexane/ethyl acetate 3:1) and crystallization from diethyl ether/
pentane to give propynylidene indolone 5 k (242 mg, 87 %) was
obtained as a yellow solid. M.p. 182 8C; 1H NMR (500 MHz, CDCl3):
d= 1.67 (s, 9 H), 6.54 (d, J = 7.3 Hz, 1 H), 6.79 (t, J = 7.7 Hz, 1 H), 7.24
(t, J = 7.7 Hz, 1 H), 7.48–7.55 (m, 5 H), 7.81 (s, 1 H), 7.84 (d, J = 8.2 Hz,
1 H), 8.02 ppm (s, 2 H); 13C NMR (151 MHz, CDCl3): d= 28.15 (CH3),
84.57 (Cquat), 93.58 (Cquat), 101.64 (Cquat), 114.98 (CH), 122.02 (Cquat),
122.43 (m, 3JCF = 3.68 Hz, CH), 122.89 (q, 1JCF = 263 Hz, CF3), 123.53
(CH), 123.65 (CH), 125.29 (Cquat), 128.04 (CH), 129.47 (CH), 129.73
(CH), 130.46 (Cquat), 130.64 (CH), 131.12 (Cquat), 131.96 (q, 2JCF =
33.8 Hz, Cquat), 132.18 (m, 3JCF = 3.1 Hz, CH), 137.10 (Cquat), 139.25
(Cquat), 149.20 (Cquat), 164.18 ppm (Cquat) ; EI MS (70 eV): m/z (%): 457
[M@Boc]+ (100), 456 [M@Boc@H]+ (54); IR (KBr): ñ= 3072 (w), 2985
(w), 1754 (s), 1727 (s), 1599 (m), 1399 (m), 1353 (s), 1282 (s), 1177
(s), 1145 (s), 1095 (m), 993 (m), 896 cm@1 (m); UV/Vis (CH2Cl2): labs

(e) = 353 nm (21 600); elemental analysis calcd (%) for C30H21F6NO3

(557.5): C 64.63, H 3.80, N 2.51; found: C 64.72, H 3.80, N 2.42.

Typical procedure for the synthesis of (E)-3-(1-phenyl-3-p-tolyl-
prop-2-ynyliden)-2-oxoindoline (5 v): a typical procedure : In an
oven-dried screw-capped Schlenk tube with magnetic stir bar
under nitrogen were placed N-iodophenylalkynylamide 8 g
(347 mg, 1.00 mmol), the alkyne 7 g (151 mg, 1.30 mmol), and dry
THF (5 mL). The solution was degassed by use of a cannula that
delivered a constant weak stream of dry nitrogen for 5 min. Then,
N,N-diisopropyl amine (260 mg, 2.00 mmol), [PdCl2(PPh3)2] (36 mg,
50 mmol), and CuI (10 mg, 50 mmol) were successively added and
the reaction mixture was stirred at room temperature for 15 h. The
solvents were removed in vacuo and the residue was purified by
flash chromatography on silica gel (hexane/ethyl acetate 4:1) and
crystallization from diethyl ether/pentane compound 5 v (263 mg,
79 %) was obtained as a red solid; M.p. 214 8C; 1H NMR (500 MHz,
CDCl3): d= 2.39 (s, 3 H), 6.77 (d, 3JH,H = 7.7 Hz, 1 H), 7.05 (t. 3JH,H =
7.4 Hz, 1 H), 7.21 (d, 3JH,H = 5.7 Hz, 2 H), 7.24 (m, 1 H), 7.41–7.42 (m,
3 H), 7.46 (d, 3JH,H = 8.0 Hz, 2 H), 7.64 (dd, 3JH,H = 6.5 Hz, 4JH,H = 3.0 Hz,
2 H), 7.73 (s, 1 H), 8.41 ppm (d, 3JH,H = 7.5 Hz, 1 H); 13C NMR
(126 MHz, CDCl3): d= 21.9 (CH3), 91.1 (Cquat), 106.2 (Cquat), 109.5
(CH), 119.5 (Cquat), 122.1 (CH), 128.1 (CH), 128.5 (Cquat), 129.4 (CH),
129.6 (CH), 129.7 (CH), 130.0 (CH), 132.2 (CH), 132.8 (Cquat), 136.9
(Cquat), 140.5 (Cquat), 140.8 (Cquat), 167.5 ppm (Cquat) ; EI MS (70 eV):
m/z (%): 335 [M]+ (100), 334 [M@H]+ (94), 320 [M@CH3]+ (10), 306
(30), 291 (35), 166 (13), 160 (11), 152 (17), 145 (29), 139 (15)125
(11); IR (KBr): ñ= 3177 (b), 2181 (m), 1700 (s), 1618 (m), 1558 (m),
1466 (m), 1341 (w), 1204 (m), 1103 (w), 814 (m), 792 (w), 766 (w),
744 (w), 694 (m), 609 (m), 528 cm@1 (w); UV/Vis (CH2Cl2): lmax (e) =
361 nm (16 000); elemental analysis calcd (%) for C24H17NO (335.4):
C 83.00, H 7.19, N 6.24; found: C 83.15, H 7.43, N 6.24.
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