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Three-component Activation—Alkynylation-Cyclocondensation
(AACC) Synthesis of Enhanced Emission Solvatochromic 3-

Ethynyl Quinoxalines

Franziska K. Merkt,® Simon P. Héwedes,* Charlotte F. Gers-Panther,? Irina Gruber,® Christoph Janiak,”

and Thomas J. J. Miiller*

Abstract: 2-Substituted 3-ethynyl quinoxaline chromophores can be
readily synthesized by a consecutive activation—alkynylation—cyclo-
condensation (AACC) one-pot sequence in a three-component
fashion. In comparison to the previously published four-component
glyoxylation starting from electron rich n-nucleophiles, the direct
activation of (hetero)aryl glyoxylic acids allows introducing
substituents that cannot be directly accessed by glyoxylation. By
introduction of N,N-dimethyl aniline as a strong donor in position 2
the emission solvatochromicity of 3-ethynyl quinoxalines can be
considerably enhanced, covering the spectral range from bluegreen
to deep red orange with a single chromophore in a relatively narrow
polarity window. The diversity-oriented nature of the synthetic
multicomponent reaction concept furthermore enables
comprehensive investigations of structure-property relationships by
Hammett correlations and Lippert-Mataga analysis, as well as the
elucidation of the electronic structure of the emission solvatochromic
n-conjugated donor-acceptor systems by DFT and TD-DFT

calculations employing the PBEh1PBE functional for a better
reproduction of the dominant charge transfer character of the longest
wavelength absorption band.
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Introduction

Tailor-made fluorophores with designed emission characteristics
have become increasingly important as functional constituents™™
in materials and life sciences and their applications are wide
spread, from organic electronics,”® such as OFET (organic field
effect transistors), OLED (organic light emitting diodes), and
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DSSC (dye sensitized solar cells),” to bioanalytical imaging and
sensing,”” and diagnostics.” Fluorophores with color response
to the surrounding media are particularly interesting.® This
phenomenon observable by eye-sight is called
solvatochromism™ and it directly corresponds to significant
change of the dipole moment upon excitation of the
chromophore from S, to the vibrationally relaxed S; state.® As a
consequence a steady demand for novel fluorophore structures
and emission profiles poses a major challenge to synthetic
chemistry, which provides suitable libraries for systematic
investigations establishing reliable structure-property
correlations of the photophysical behavior. Diversity-oriented
synthesis'™ is very advantageous, since highly diverse products
can be readily obtained by the same reaction principle through
variation of suitable starting materials. In particular,
multicomponent reactions (MCR)!? and one-pot strategies
combine beneficial economic and ecological aspects for
reaching this challenging goal. In the sense of a chromophore
concept, a chromogenic application of the MCR concept,
functional chromophores have become accessible more easily
and more generally,®¥ an approach that has now been
systematically extended to a powerful tool in fluorophore
design.*?

Quinoxaline and pyrazine dyes, which can be designed by
various strategies,*® have received considerable attention as
most prospective and potential electroluminescent materialsi**7
and as functional chromophores in bioanalytics.*** These
electron withdrawing core heterocycles represent a unit of
paramount importance for the construction of push-pull
systems®®?! and intramolecular charge-transfer complexes
(ICT).2? The presence of the Bransted and Lewis basic nitrogen
atoms®! promises furthermore emission sensitivity towards
changes in the surrounding medium triggered by pH, metal ions,
solvent polarity or biological analytes.?**® Besides their
luminescence, they also display pronounced solvatochromic
shifts of the emission bands. Solvatochromic quinoxaline-based
push-pull systems were employed as emissive probes for the
binding-site polarity of bovine serum albumin,?® for exploring
site-dependent  fluorescence in HEp-2 cells,*” and as
chromophores for dye-sensitized solar cells.”® Only recently,
wel?"? and Jiang®® described the synthesis of emission-
solvatochromic indole-substituted quinoxaline derivatives.

In particular, we employed a glyoxylation-alkynylation-
cyclocondensation (GACC) sequence for accessing 3-ethynyl
quinoxalines in the sense of a consecutive four-component
reaction, and as an extension by concenating a concluding
Michael addition a glyoxylation-alkynylation-cyclocondensation-
addition (GACCA) sequence for accessing 3-(B-aminovinyl)
quinoxalines in the sense of a consecutive five-component
reaction evolved (Figure 1).
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Figure 1. Four-component GACC  (glyoxylation-alkynylation-cyclo-

condensation) synthesis of 3-ethynyl quinoxalines and five-component
GACCA (glyoxylation-alkynylation-cyclocondensation-addition) synthesis of 3-
(B-aminovinyl) quinoxalines.

The key intermediate is a densely electrophilic ynedione, which
is generated through a copper-catalyzed Stephens-Castro
alkynylation of the (hetero)aryl glyoxylchloride, formed in a one-
pot fashion by glyoxylation of a sufficiently reactive n-nucleophile
R%-H with oxalyl chloride.FY Alternatively, the (hetero)aryl
glyoxylchloride can be generated directly from the (hetero)aryl
glyoxylic acid with oxalyl chloride.® In contrast to Pd-catalyzed
alkynylation, which proceed with concomitant decarbonylation,®*
the Cu-catalyzed variant furnishes the ynedione. The formation
of the common 3-ethynyl quinoxaline products or intermediates
proceeds via Hinsberg cyclocondensation® of the ynedione
intermediate with ortho-phenylene diamine derivatives.=®

While electron rich m-nucleophiles, in general, are readily
employed as substrates in GACC and GACCA sequences, the
direct transformation of electroneutral and para-substituted
benzoid substrates is considerably hampered or impossible.
Without any doubt the activation-alkynylation-cyclocondensation
(AACC) sequence via the en route generation of (hetero)aryl
glyoxylchloride from (hetero)aryl glyoxylic acids and oxalyl
chloride®® offers a viable alternative to access ynediones, which
already has been employed in a few cases. 24?9

Herein, we report the improved activation-alkynylation-
cyclocondensation (AACC) sequence for synthesizing an
expanded series of 2-(hetero)aryl substituted 3-ethynyl
quinoxalines in the sense of a consecutive three-component
synthesis. In addition the photophysical properties are
systematically studied by absorption and emission spectroscopy
as well as by correlation studies and quantumchemical
calculations.
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Results and Discussion

Synthesis and Structure

Ynediones are densely functionalized polyelectrophilic functional
groups with a powerful synthetic potential, which, however, only
has scarcely been explored so far.*** As already mentioned
electron rich n-nucleophiles can be successfully employed in the
GACC sequence, however electron rich para-substitued arenes,
carbazole and benzol[b]thiophene derivatives as well as bromo
substituted thiophenes could not successfully be transformed
(see Supp Inf Tables S1-2). This shortcoming prompted us to
directly start from (hetero)aryl glyoxylic acids as starting
materials. This alternative route to (hetero)aryl glyoxylchlorides
represents an activation, which can be uneventfully performed in
a one-pot fashion as well. Therefore, under Friedel-Crafts
conditions electron rich para-substitued arenes, carbazole and
benzo[b]thiophene derivatives were reacted with a slight excess
of ethoxy oxalyl chloride in the presence of the Lewis acids,
such as aluminium chloride or titanium chloride, to give the ethyl
(hetero)aryl glyoxylates. The esters were saponified under
alkaline conditions giving the desired (hetero)aryl glyoxylic acids
1 in an unpretentious fashion (Scheme 1).F%“Y Only very few
aryl glyoxylic acids are commericially available.

o}

OEt
1) 1.50 equiv Cl

1.80 equiv AICI3 or 2.20 equiv TiCl;  HO 1)
CH,Cl,, 0°C to room temp, 5 h
R1-H >
2) 3.00 equiv 1M NaOH, 1,4-dioxane R N0
room temp, 3 h
3) HClagq 1

Scheme 1. Synthesis of (hetero)aryl glyoxylic acids 1.

With (hetero)aryl glyoxylic acids 1 in hand the consecutive three-
component activation-alkynylation-cyclocondensation (AACC)
synthesis of 3-ethynyl quinoxalines 4 commences with the
activation of the (hetero)aryl glyoxylic acids 1 with one
equivalent of oxalyl chloride at room temp or 50 °C in 1,4-
dioxane. The (hetero)aryl glyoxylic chlorides, without isolation,
were coupled at room temp with the terminal alkynes 2 in the
presence of a catalytic amount of copper(l) iodide and an
equistoichiometric amount of triethylamine to form the ynediones.
Without isolation, the ynediones are directly reacted with the 1,2-
diamino derivatives 3 in the presence of acidic acid and
methanol to furnish 24 examples of 2-(hetero)aryl substituted 3-
ethynyl quinoxalines 4 in moderate to very good yields (Scheme
2, Table 1).

The proposed structures of the 2-(hetero)aryl substituted 3-
ethynyl quinoxalines 4 were unambiguously supported with *H
and ®C NMR spectroscopy, mass spectrometry, IR
spectroscopy, and combustion analysis. Additionally, the
structure of compound 4u was corroborated by an X-ray crystal
structure analysis (Figure 2).*# Compound 4u crystallizes as
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yellow needles in the monoclinic space group P2;/n. The 9-
phenyl-9H-carbazole moiety is twisted out of coplanarity with the

6,7-dichloroquinoxaline core by a dihedral angle of 27°.
1.00 equiv (COCI)2

RZ
1,4-dioxane

HO (0] ’

room temp or 50 °C, 4 h X
RL then: 5.00 mol% Cul
1.00 equive=—~R? 2 RY
2.10 equiv NEtg' room temp, 15 h
1 then: HN_ el 4 (24 examples, 28-100%)
1.00 equiv :[| N a3
.
HoN7™ T~

MeOH, HOAc, 50 °C, 1 h

Scheme 2. Consecutive three-component  activation-alkynylation-

cyclocondensation (AACC) synthesis of 2-(hetero)aryl substituted 3-ethynyl
quinoxalines 4.

Figure 2. Molecular structure of compound 4u (thermal ellipsoids shown at

50 % probability).

10.1002/chem.201800079

WILEY-VCH

Significant n-stacking shows rather short centroid-centroid
contacts (< 3.8 A), near parallel ring planes (o < 10° to ~ 0° or
even exactly 0° by symmetry), small slip angles (B, y < 25°) and
vertical displacements (slippage < 1.5 A), which translate into a
sizable overlap of the aryl-plane areas. (Figure 3).3*! The
molecules are stacked directly on top of each other with sizeable
n—n-stacking along the b-direction and they are arranged in
undulated layers parallel to the ac-plane.

@c S
. Centroid "\.,:Z.y

3.893 A"

Figure 3. Section of the packing diagram of 4u which shows significant -
stacking interactions along the b-direction (labelled with their centroid-centroid
distances; from the trimethylsilylethynyl and phenyl groups only the ring-
bonded atom have been retained for clarity) (for further details, see Table S6
with additional figures in the Supp Inf).

Table 1. Consecutive three-component synthesis of 2-(hetero)aryl substituted 3-ethynyl quinoxalines 4.

2-(Hetero)aryl substituted 3-ethynyl quinoxaline 4

Entry Glyoxylic acid 1 Alkyne 2 1,2-Diamino derivative 3 (yield, %)[a]
'Pr3Si
XN
2-bromo-thiophene glyoxylic )
1 - triisopropylsilylacetylene (2a) o-phenylene-diamine (3a) S N
acid (1a) Br <
4a (91)
'Pr3Si
4,5-dichl henyl SN
,5-dichloro-o-phenylene-
2 la 2a diamine (3b) o I nj/:@((:l
\ 4b (69)
'PrsSi
x N
3 la 2a 2,3-diamino-naphthalene (3c) s {
Br. N
\J 4c (74)
Me;Si
N
4 la trimethylsilylacetylene (2b) 3a s { N;@
Br. \ ,
4d (78)
'PrsSi
NN
3-bromo-thiophene glyoxylic | Q
5 acid (1b) 2a sa T
Br 4e (31)
Me;Si
NN
6 2-thiophene glyoxylic acid (1c) 2b 3a s { N;@
\ ! 4f (88)
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Me;Si

% N Cl
(X
7 1c 2b 3b s LI
\ 4g (67)

Me,;Si
XN
A
8 1c 2b 3c s
\ )
e 4h (86)
N N
benzo[b]thiopheneglyoxylic | \:©
9 acid (1d) 2b 3a W
4i (43)
MezSI
N N
10 phenyl glyoxylic acid (1e) 2b 3a I ND
4] (85)[b]
Me;Si.
N
4-methyl-phenyl-glyoxylic acid | D
11 an 2b 3a N
M 4k (58)
Me;Si
R
12 4-tert-butylphenyl-glyoxylic acid 2b 3a | D
(19) N
Bu 41 (82)
Me;Si
N N\
4-(methyithio)phenyl- | jij
13 glyoxylic acid (1h) 2b sa W
Mes 4m (46)
Me;Si
XN
4-methoxy-phenyl-glyoxylic | D
14 acid (11) 2b sa s
MeO 4n (55)
Me;Si
A N\
4-(dimethyl-amino)-phenyl- I Q
15 glyoxylic acid (1j) 2b sa W
MeaN 40 (42%)
Me3Si
% N\ Cl
16 1j 2b 3b ' N/js[c,
Me,N
Me;Si 4p (35)
N
17 1j 2b 3c I
Me,N 4q (46)
Me;Si
% N\ CN
) 4,5-diamino-phthalonitrile { J@(
18 1j 2b (3d) N o
Me,N
vess 4r (30)
% N\ CN
19 1j 2b diamino-maleonitrile (3e) IN/ on
Me,N
v, 4s (48)
NN
4-(9H-carbazol-9-yl)phenyl- I Q
20 glyoxylic acid (1k) 2b 3a O O >
ol 4t (87)
Me;Si
% N Cl
(XX
21 1k 2b 3b O O N ol
oo 4u (100)
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22 1j phenylacetylene (2c)

: 4-methoxy-phenylacetylene
23 1j 4 '22 d)y Y
24 1 4-dimethylamino-

phenylacetylene (2e)

10.1002/chem.201800079

WILEY-VCH

3a
4v (53)
3a
4w (60)
3a
4ax (28)

[a] Yields after chromatography on silica gel. [b] Synthesized according to ref."””)

The presented one-pot protocol for the synthesis of 2-
(hetero)aryl substituted 3-ethynyl quinoxalines 4 is particularly
interesting since all three reactants 1, 2, and 3 are employed in
strictly equimolar amounts. In addition upon starting from
(hetero)aryl glyoxylic acids 1 the substituent scope in the title
compounds at position 2 of the quinoxaline core can be
considerably expanded, thereby accessing besides benzoid
strong and weak donors as well as electroneutral substitution
(Table 1, entries 10-19, 22-24) and heterocyclic derivatives
(Table 1, entries 1-9, 20 and 21), all of them are moieties whose
(hetero)aromatic precursors are not transformed in the GACC
sequence. The diversity pattern of the alkynes is similar as in the
GACC sequence, however for the concluding Hinsberg
cyclization a slightly broader substitution pattern can be
achieved, where not only o-phenylenediamine (3a), 4,5-dichloro-
o-phenylenediamine (3b), and 2,3-diamino-naphthalene (3c) are
accepted as substrates, but also the less reactive 1,2-amino
derivatives 4,5-diaminophthalonitrile (3d) and
diaminomaleonitrile (3e) are successfully employed at slightly
longer reaction times in the terminal step. Thereby, the
diacceptor enhanced quinoxaline 4r (Table 1, entry 18) can be
accessed as well as the pyrazine analogue 4s (Table 1, entry
19).

Photophysical properties

In  previous studies on donor-substituted quinoxalines
significantly redshifted emission maxima and large Stokes shifts
have been reported.?*#* with the library of 2-(hetero)aryl
substituted 3-ethynyl quinoxalines 4 in hand systematic
investigations of the distinct substituent effects on the optical
properties were carried out with quantitative absorption and
emission spectroscopy (Table 2). The relative fluorescence
quantum yields @r were determined with suitable standards
according to literature procedures.®

In the UV/vis absorption spectra, two to four distinct broad
structurless maxima can be found and the longest wavelength
bands Amaxans appear between 352 and 484 nm with molar
absorption coefficients ¢ ranging from 8100 to 29800 L mol™ cm’
! The remote R? substituent at the para-position of the
arylethynyl moiety only has a minor effect on the energy of this
absorption and varies between 421 nm for N,N-dimethyl aniline
(Table 2, entry 24) to 417 nm for phenyl (Table 2, entry 22).

Table 2. Selected photophysical properties of 2-(hetero)aryl substituted 3-ethynyl quinoxalines 4 (recorded in CH,Cl, at T = 293 K).

Entry Compound Amaxaabs [NM]® (& [L mol® cm™) Amaxem [NM]™ (¢ [a.U.]) Stokes shift Av [cm™]
1 4a 269.0 (21700), 309.0 (28500), 383.0 (12600) 458.0 (0.19) 4300
2 4b 271.5 (34500), 313.0 (12400), 394.5 (15900), 406.0 (15400) 463.0 (0.89) 3000
3 4c 300.0 (46000), 344.0 (39800), 409.0 (13000) 519.0 (0.76) 5200
4 4d 265.0 (22600), 309.0 (31300), 384.0 (12700) 448.0 (0.16) 3700
5 4e 267.0 (39400), 355.0 (10400) 423.0 (0.04) 4500
6 4f 265.0 (33000), 377.5 (10900) 430.0 (<0.01)¥ 3200
7 49 270.0 (34800), 293.0 (21800sh), 376.0 (11790), 392.0 (13400) 456.0 (<0.01)¥ 4700
8 4h 256.0 (27600sh), 296.5 (40000), 337.5 (30600), 413.0 (9414) 522.0 (0.49)1 3600
9 4i 264.0 (46800), 303.0 (13700), 371.0 (8100) 458.0 (0.01) 5100
10 4 262.5 (45600), 352.0 (10500) 403.0 (<0.01)¥ 3600
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11 4K 262.0 (48300), 357.0 (10300) 407.0 (<0.01) 3500
12 4 262.0 (12000), 357.0 (11300) 411.0 (<0.01) 3700
13 4m 264.0 (22900), 298.5 (48600), 371.5 (12500) 479.0 (0.07) 6000
14 4n 262.0 (54800), 284.0 (24300sh), 368.0 (12100) 444.0 (0.50)" 4700
15 40 263.0 (35300), 320.0 (24500), 346.0 (16700sh), 414.0 (9000) 598.0 (0.08) 7400
16 4p 250.0 (34500), 333.0 (24000), 360.0 (16700sh), 442.0 (9100) 640.0 (0.07)™ 7000
17 4q 298.0 (39400), 328.0 (25600sh), 424.5 (11000), 470.0 (8100) 659.0 (0.03) 8400
18 4r 269.0 (32300), 344.5 (10800), 404.0 (15300), 484.0 (9400) B -

19 4s 279.0 (20500), 305.0 (20300sh), 452.5 (29800) 5 -

20 4t 263.0 (56300), 295.0 (39200), 390.0 (11400) 509.0 (0.38)"! 5100
21 4u 268.0 (43400), 296.0 (29200), 408.0 (11000) 535.0 (0.43)™ 5800
22 4v 265.0 (23500), 279.0 (48700sh), 333.0 (49300), 417.0 (16900) 596.0 (0.23)! 7200
23 4w 267.0 (44600sh), 310.0 (47900sh), 414.0 (18700) 586.0 (0.42) 7100
24 ax 299.0 (58500), 329.0 (57900), 421.0 (22300) 574.0 (0.37)™ 6400

[a] Recorded in CH,Cl,, c(4) = 10° m at T = 293 K. [b] Recorded in CH,Cl, at room temp, relative quantum yields were determined employing literature procedures
(10 %).1% [c] AV = 1/ Amaxabs - LAmaxem. [d] Recorded at Aex = 350 nm, c(4) = 107 wm, determined with 9,10-diphenylanthracene (DPA) as a standard in
cyclohexane (@ = 1.00). [e] Recorded at Aex = 420 nm, c(4) = 107 m, determined with coumarin 153 as a standard in MeOH (@ = 0.45). [f] Recorded at Aex = 430

nm, c(4) = 107 m, determined with 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) in MeOH (&= = 0.43). [g] No signal in CH,CI, has

been detected.

In the spectra of the consanguineous series of the 2-(p-N,N-
dimethylanilino)-3-(trimethylsilylethynyl)-substituted quinoxalines
4o-r it can be clearly seen that the red shift of the longest
wavelength absorption band directly correlates = with the
increasing electron withdrawing power of the quinoxaline moiety
in order depicted in Figure 4. This effect expectedly relies on the
acceptor character of the substituents and the extension of the
n-electron delocalization, as shown by the benzoanellation for
compound 4q in comparison to the mother system 4o. It is
noteworthy to mention that the same qualitative trend is found in
the other consanguineous triads 4a-c and 4f-h (Table 2, entries
1-3 and 6-8).

All compounds 4 are intensively luminescent in dichloromethane
solutions with relative high quantum yields up to 0.89 with
Stokes shifts in a range from 3200 to 8400 cm™. Generally, the

Me;Si MesSi Me;Si Me;Si

XN XN cl XN
0 [ JX (O
NZ N? cl NZ

Me,N Me,N Me,N Me,N

40 4p 4q
(}“max =414 nm) (}‘max =442 nm) (}”max =470 nm)

V4

Stokes shifts are significantly larger for the p-dimethylamino
substituent, the strongest donor in the series of compounds 4,
than for other substituents. In the consanguineous series of the
compounds 4j-o (Figure 5) the Stokes shifts' increase obviously
correlates with the donor capacities (see also Figure 4).
Interestingly, upon enhancing the push-pull nature going to the
extremes of strong donors and strong acceptors, as for the
chromophores 4r and 4s, the emission in dichloromethane
vanishes completely. According to the energy gap law,*” where
the nonradiative decay of the excited state directly correlates
with the redshift of the emission bands, this observation can be
additionally supported by the occurrence of fluorescence of
these compounds in less polar solvents (n-pentane,
cyclohexane, toluene).

N cN
(X
N? CN

4r

(Mmax = 484 nm)

increasing electron withdrawing capacity of the quinoxaline moiety

increasing redshift of the longest wavelength absorption band

Figure 4. Qualitative effect of the electron withdrawing capacity of the quinoxaline core on the absorption properties in the series of 2-(p-N,N-dimethylanilino)-3-

(trimethylsilylethynyl)-substituted quinoxalines 40-r.
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For scrutinizing subtle polar electronic substituent effects in the
electronic ground and excited state the longest wavelength
absorption bands Amaxabs, €mission bands Amaxem, and the
Stokes shifts Avof the consanguineous series of compounds 4j-
o were correlated with Hammett parameters®® o,, o), or, Gps,
and op. to establish linear structure-property relationships. In this
series the best correlations were found for the correlations with
the parameter op+, Which accounts for substantial involvement of
the stabilization of positive charge upon excitation from the
ground state (Amaxaps = 2508.7 - Gps + 28643 [cm™]; r2 = 0.9635),
emission from a polar vibrationally relaxed excited singlet state
(Amaxem = 4979.2 - opr + 25329 [cm]; r2 = 0.9135), and a
pronounced degree of positive emission solvatochromicity as
reflected by the negative slope of the Stokes shifts' correlation
(Av = -2470.6 - ops + 3313.7 [cm™]; r2 = 0.8238) (for details on
the failed correlations see Figures S1-5 in Supp Inf). The
considerably larger slope of the emission correlation compared
to the absorption correlation particularly underlines the very
polar nature of the vibrationally relaxed excited state, stemming
from a significant charge transfer character of the S; state. Since
obviously the o parameters of the methylthio substituent
(compound 4m) overestimate stabilizations of discrete positive
charges, resonance contributions and combinations of inductive
and resonance effects the correlations of Amaxabs, Amaxem, and Av
with op, or, and op. of the consanguineous series of compounds
4j-o without compound 4m give excellent correlations for o, and
op+ parameters (see Supp Inf for details), it can be concluded
that the remote substituent effect is transferred by both inductive
and resonance mechanisms involving considerable charge
transfer character.
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02 1 o tie o 0.2
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Figure 5. Normalized UV/vis absorption (recorded in CH,Cl,, T =293 K, c(4) =
10°m , bold line) and emission bands (recorded in CH,Cl,, T = 293 K, ¢(4) =
107 M, hex = 430 Nm (40), Lex = 350 Nm (4j-0, dashed line) of the series 4j-0.
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Figure 6. Linear correlation plots of the absorption (Amaxabs), €mMission maxima
(Amaxem), @nd Stokes shifts (Av) [cm™] of 3-ethynyl quinoxalines 4j-o against
the Hammett-parameters op..

The first series of 3-ethynyl quinoxalines with moderately
electron releasing indole donors already showed a pronounced
emission solvatochromicity.” Upon enhancing the donor
capacity in this second series of 3-ethynyl quinoxalines 4 this
effect is even more intense for N,N-dimethylaminophenyl
derivatives, covering a broad part of the spectral range upon
variation of the solvent polarity from n-pentane to acetonitrile
(Figures 7 and 8). With this respect compound 4p was
quantitatively studied by absorption and emission spectroscopy
in solvents of different polarity. The absorption solvatochromicity
is only minor and ranges between 430 and 447 nm, while with
increasing solvent polarity the emission maximum Amaxem IS
shifted  bathochromically, ranging from  greenish-blue
luminescence (478 nm) in cyclohexane to red fluorescence in
N,N-dimethyl formamide (755 nm) (for detailed data see Supp
Inf, Table S4). A change in the dipole moment of the fluorophore
upon excitation and dipolar relaxation of the surrounding
molecules is the origin of the observed emission
solvatochromicity.“” This phenomenon is rationalized by several
theoretical descriptions, including the Lippert-Mataga model that
allows for a quantitative treatment.”

Figure 7. Fluorescence of compound 4p with variable solvent polarity (from
left to right: n-pentane, cyclohexane, toluene, 1,4-dioxane, diethylether, ethyl
acetate, dichloromethane, N,N-dimethyl formamide, acetonitrile; Zex = 365 nm,
hand-held UV lamp).
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Figure 8. UV/vis absorption (solid lines) and emission spectra (dashed lines)
of compound 4p, measured in eight solvents of different polarity (recorded at T
=293 K).

Therefore, for compound 4p the solvatochromicity was
evaluated by determining the Lippert-Mataga orientation
polarizability (Af) (Equation 1) for an extended set of solvents
with variable polarity. Consequently, the Stokes shifts (Af/) were
plotted against the Af values, which can be calculated according
to

! n?-1
Af = —— —;
2ep+1  2n2+1

@)

from the relative permittivity & and the optical refractive index n
of the respective solvent. [

The Stokes shift Av correlates linearly with the Lippert-Mataga
polarity parameters Af (,n) with an excellent goodness of fit (r*
= 0.98, Figure 9), indicating the dominant importance of a
general solvent effect. The change in dipole moment from the
electronic ground to the vibrationally relaxed excited state can
be calculated according to the Lippert-Mataga equation
(Equation 2).

Vo= 0y = oy (g — ig)? + const e
While Aﬁa and A‘;f represent the absorption and emission
maxima (in m™), ze and x4 are the dipole moments in the excited
and ground state (in Cm), & (8.8542 x 107 As V' m™) is the
vacuum permittivity constant, h (6.6256 x 107* J s) is Planck’s
constant, ¢ (2.9979 x 10% ms™) is the speed of light, and a is the
radius of the solvent cavity occupied by the molecule (in m).
Assuming a spherical dipole, the Onsager radius a, which is
used to approximate the molecular volume of the molecule in
solution, was estimated from the optimized ground-state
structure of compound 4p obtained from DFT calculations (vide
infra). Employing a value of 12.9 A (12.9 x 10™° m), the change
in dipole moment Ay was calculated to 26 D (8.67x10%° Cm).
This large value corresponds to a pronounced charge separation
upon charge transfer excitation.
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Figure 9. Lippert plot for compound 4p (n =7, = 0.98).

Calculated electronic structure

A thorough understanding of the photophysical behavior of the
consanguineous series of quinoxalines 4o-r was sought in
elucidating the electronic structure by calculating UV/vis
absorption spectra at the DFT level of theory, with a special
focus on the comparison of the respective quinoxaline core. The
geometries of the electronic ground-state structures were
optimized by using Gaussian09®¥ with the PBEh1PBE
functional®® and the Pople 6-31G(d) basis set®™® Since
absorption properties were measured in dichloromethane
solutions, the polarizable continuum model (PCM) with
dichloromethane as a solvent was utilized.®¥ All minimum
structures were unambiguously assigned by analytical frequency
analysis. The structures were chosen as a series of compounds
with four different quinoxaline cores from electron-neutral (40
and 4q) to electron-withdrawing (4p and 4r) properties. The
calculated equilibrium ground state structures show that the p-
dimethylamino substituent adopts angles between 26 and 38°
(for details on the torsion angles of the computed structures 4o-r
see Supp Inf). Based upon these optimized ground state
geometries the electronic transitions S; to S, were calculated on
the TD DFT level of theory (Table 3). The longest wavelength
absorption bands are clearly dominated by HOMO-LUMO

transitions, which correctly reproduce the experimentally
obtained data.
A closer inspection of the coefficient densities in the

Kohn-Sham frontier molecular orbitals (FMO) of the four
different 3-ethynyl quinoxalines 4o-r reveals that the HOMO
coefficient densities are predominantly localized on the p-
dimethylamino substituent, while much lower coefficient
densities are found on quinoxaline cores (Figure 10). The
inverse distribution is observed for the coefficient densities of the
LUMOs, which are primarily located on the electron accepting 3-
ethynyl quinoxaline cores. Significant FMO orbital coefficients on
the quinoxaline moieties are in good agreement with substantial
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overlap for the Franck-Condon transitions, resulting in
pronounced transition dipole moments and oscillator strengths.
In addition the FMO consideration also supports the high degree
of charge transfer n—n* character of the longest wavelength
absorption bands. Concurrently, this interpretation is in good

Table 3. TD-DFT calculations (PBEh1PBE/6-31G(d)) of the UV/vis absorption
dichloromethane as a solvent.
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agreement  with the experimentally observed large
solvatochromicity of compound  4p, supported by the
experimentally determined considerable change in dipole

moment upon excitation to the vibrationally relaxed S; state,
which possesses a highly dominant charge transfer character.

maxima of the 3-ethynyl quinoxaline 4o-r applying PCM with

Amax.abs [NM] Amaxcalcd  MOst dominant contributions Oscillator
strength
(e[L mol™* cm™® [nm]

40  414.0 (9000) 424 HOMO—LUMO (98%) 0.103
346.0 (16700sh) 331 HOMO—LUMO+1 (90%) 0.380
320.0 (24500) 303 HOMO-1—LUMO (79%) HOMO—LUMO+1 (7%) 0.390
263.0 (35300) 265 HOMO-1—LUMO+1 (63%) HOMO-6—LUMO+1 (8%) HOMO-3—LUMO+1 (8%) 0.577

4p  442.0 (9100) 457 HOMO—LUMO (98%) 0.140
360.0 (16700sh) 347 HOMO—LUMO+2 (87%) 0.404
333.0 (24000) 319 HOMO-1—-LUMO (79%) HOMO—LUMO+2 (6%) HOMO-2—LUMO (6%) 0.468
250.0 (34500sh) 265 HOMO—LUMO+3 (52%) HOMO—LUMO+4 (26%) HOMO—LUMO+6 (12%) 0.087

4q  470.0 (8100) 475 HOMO—LUMO (98%) 0.135
424.5 (11000) 403 HOMO-1—-LUMO (90%) HOMO-3—LUMO (6%) 0.085
328.0 (25600sh) 322 HOMO—LUMO+1 (58%) HOMO-2—LUMO (20%) HOMO-1—-LUMO+1 (18%) HOMO-1—-LUMO+1 (32%)  0.669
298.0 (39400) 285 HOMO—LUMO+2 (26%) HOMO-2—LUMO (16%) HOMO-5—LUMO (11%) 0.789

4r  484.0 (9400) 494 HOMO—LUMO (98%) 0.118
404.0 (15300) 390 HOMO—LUMO+1 (95%) 0.489
344.5 (10800) 323 HOMO-1—-LUMO (65%) HOMO-2—LUMO (9%) 0.246
269.0 (32300) 277 HOMO-2—LUMO+1 (63%) HOMO—LUMO+4 (16%) 0.003

[a] Recorded in dichloromethane, T = 293 K, c(40-s) = 10™ M.

E
-
- &) — K
. ™ _" .\
LUMO oy = LUM g o
Pt !‘ LMD “ ‘y‘ _
-1732eV AT -2.3469\-”,: ’ .7 088 eV ‘-! L
-
. .
HOMO ‘“i HOMO
S280eY ‘ -5 668 eV
{40)

st T
: IO “ j"' L
LMD _hlv-Y:'I-;
-2692eV &
H % !a .v‘
HOMO ..-‘- .
S5T78TeV o :
()

Figure 10. Selected DFT-computed (PBEh1PBE/6-31G(d)) Kohn-Sham frontier molecular orbitals for 40-r.
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Conclusions

In conclusion we have successfully synthesized a series of
diversity-oriented 2-substituted 3-ethynyl quinoxaline
chromophores by applying the consecutive three-component
activation-alkynylation-cyclocondensation  (AACC)  protocol.
Thereby 2-substituents at the quinoxaline core can be readily
introduced, which either very difficult or impossible to introduce
by our previous glyoxylation-alkynylation-cyclocondensation
(GACC) approach. A series of donor-acceptor conjugates
become accessible, in particular, by placing the p-dimethylamino
substituent as a strong donor. As a result the positive emission
solvochromicity is considerably enhanced in comparison to the
first generation of 3-ethynyl quinoxalines, causing a shift of the
emission color over a broad part of the spectral range by
variation of the solvent polarity. The highly polar nature of the
excited state is experimentally elucidated by linear structure-
property relationships of the Hammett op. parameters with the
absorption and emission bands and the Stokes shifts, as well as
by Lippert-Mataga determination of the change of dipole
moment upon photonic excitation. In addition the photophysical
behavior is supported by DFT and TD-DFT calculations,
employing the PBEh1PBE functional, which better reproduces
the charge transfer character of the longest wavelength
absorption bands. These emission solvatochromic dyes with
enhanced donor capacity are particularly well suited as highly
sensitive polarity sensors. Studies to increase the substituent
diversity on quinoxaline acceptors by multicomponent strategies
and the modulation of the polar excited states by variation of the
employed donor and acceptor moieties are currently underway.

Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/chem.2014xxxxx. Study
on glyoxylation-alkynylation-cyclocondensation sequences with
anilines and other rn-nucleophiles, experimental details and full
characterization of compounds 4, *H and **C NMR spectra of
compounds 4, absorption and emission spectra of compounds 4,
Hammett correlations, solvatochromism, X-ray and DFT
computed XYZ-coordinates and energies of structures 4o0-r.

Experimental Section

Typical procedure for the three-component synthesis of 2-
(thiophen-2-yl)-3-((trimethylsilyl)ethynyl)quinoxaline (4f). Glyoxylic
acid 1c (314 mg, 2.00 mmol) was placed in dry 1,4-dioxane (5 mL) under
an argon atmosphere in a sintered screw-cap Schlenk tube and the
solution was then deaerated degassed with argon (5 min). The mixture
was stirred at room temp (water bath) for 5 min. Thereafter, the mixture
was stirred at room temp (water bath) for 4 h. Then the mixture was
cooled to room temp (water bath) for 5 min. Then, Cul (20 mg, 0.10 mmol,
5.00 mol %), alkyne 2b (0.28 mL, 2.00 equiv), and dry triethylamine (0.59
mL, 4.20 mmol) were successively added to the reaction mixture, and
stirring at room temp was continued for 16 h. Then, methanol (2 mL), 1,2-
diaminoarene 3a (216 mg, 2.00 mmol) and of acetic acid (0.24 mL, 4.00
mmol) were added successively to the reaction mixture. The mixture was
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stirred at 50 °C for 1 h, water (10 mL) was added and the aqueous phase
was extracted with dichloromethane (3 x 5 mL/10 mL, monitored by TLC).
The combined organic layers were dried (anhydrous sodium sulfate) and
the solvents were removed in vacuo. The residue was absorbed onto
Celite® and purified by flash chromatography on silica gel (petroleum
ether (boiling range 40-60 °C)/ethyl acetate) to give 3-ethinylchinoxaline
4f (540 mg, 88%) as a yellow solid, Rf = 0.22 (petroleum ether/ethyl
acetate 25:1). Mp 93 °C. *H NMR (CDCls, 300 MHz): §0.37 (s, 9 H), 7.18
(dd, J=5.1, 3.9 Hz, 1 H), 7.57 (dd, J = 5.1, 1.1 Hz, 1 H), 7.66-7.78 (m, 2
H), 7.99-8.09 (m, 2 H), 8.56 (dd, J = 3.9, J = 1.1 Hz, 1 H). °C NMR
(CDCls, 75 MHz): §-0.44 (CHg3), 102.8 (Cgua), 103.2 (Cquar), 127.9 (CH),
128.8 (CH), 128.9 (CH), 130.0 (CH), 130.3 (CH), 130.5 (CH), 131.1 (CH),
134.9 (Cquay), 140.4 (Cquar), 140.7 (Cquar), 141.9 (Cquar), 147.7 (Cquar)- El-
MS (m/z): 309 (15), 308 ([M]", 58), 307 (33), 295 (10), 294 ([M-CHa]", 24),
295 ([M-CHs]*, 100), 277 (IM-(CHa)2]*, 9), 263 (IM-(CHa)s]*, 19). IR [cm™]
v. 3125 (w), 3102 (w), 3065 (W), 2957 (w), 2922 (w), 2901 (w), 2855 (w),
2164 (w), 1558 (w), 1526 (w), 1472 (w), 1460 (w), 1427 (m), 1393 (w),
1362 (w), 1335 (m), 1315 (w), 1300 (w), 1248 (m), 1231 (m), 1219 (m),
1179 (m), 1134 (m), 1119 (w), 1082 (w), 1059 (w), 947 (w), 912 (w), 843
(s), 810 (m), 799 (w), 760 (s), 739 (m), 708 (s), 662 (m), 631 (M), 617 (m).
Anal. caled. for C17H16N,SSi (308.1): C 66.19, H 5.23, N 9.08, S 10.39;
Found: C 66.46, H 5.33, N 8.78, S 10.12. 314 mg (2.00 mmol) of 1c

Typical procedure for the three-component synthesis of 4-(6,7-
dichloro-3-((trimethylsilyl)ethynyl)quinoxalin-2-yl)-N,N-
dimethylaniline (4p). Glyoxylic acid 1j (386 mg, 2.00 mmol) was placed
in dry 1,4-dioxane (5 mL) under an argon atmosphere in a sintered
screw-cap Schlenk tube and the solution was then deaerated degassed
with argon (5 min). The mixture was stirred at room temp (water bath) for
5 min. Thereafter, the mixture was stirred at 50 °C (oil bath) for 4 h. Then
the mixture was cooled to room temp (water bath) for 5 min. Then, Cul
(20 mg, 0.10 mmol, 5.00 mol %), alkyne 2b (0.28 mL, 2.00 equiv), and
dry triethylamine (0.59 mL for 2.00 mmol, 4.20 mmol, 2.10 equiv) were
successively added to the reaction mixture, and stirring at room temp
was continued for 16 h. Then, methanol (2 mL), 1,2-diaminoarene 3b
(361 mg, 2.00 mmol) and of acetic acid (0.24 mL, 4.00 mmol) were
added successively to the reaction mixture. The mixture was stirred at
50 °C for 1 h, water (10 mL) was added and the aqueous phase was
extracted with dichloromethane (3 x 5 mL/10 mL, monitored by TLC).
The combined organic layers were dried (anhydrous sodium sulfate) and
the solvents were removed in vacuo. The residue was absorbed onto
Celite® and purified by flash chromatography on silica gel (petroleum
ether (boiling range 40-60 °C)/ethyl acetate) to give 3-ethinylchinoxaline
4p (241 mg, 35%) as an orange solid, R; = 0.10 (petroleum ether/ethyl
acetate 6:1). Mp 186 °C. *H NMR (CDCls, 300 MHz): & 0.22 (s, 9 H),
3.00 (s, 6 H), 6.68-6.74 (m, 2 H), 8.04-8.11 (m, 4 H). *C NMR (CDCls,
75 MHz): 5-0.4 (CHz), 40.4 (CHs), 102.9 (Cquar), 103.4 (Cquar), 111.4 (CH),
129.2 (Cquat), 129.6 (Cquat), 131.3 (Cquar), 133.6 (CH), 135.1 (CH), 138.2
(CH), 138.9 (CH), 140.0 (CH), 151.8 (CH), 155.2 (CH). EI-MS (m/z): 415
(IMT* %7y, 21), 414 (13), 413 (M]'(5CI), 28), 322 (14), 141 (13), 129
@@8), 111 ((¥cn, 14), 109 ((*cl), 5), 97 (M(ECI)-Si(CHs)s]*,17), 95
(IM(EC)-Si(CH3)3]",7), 85 ((7Cl), 26), 83 ((*cl), 15), 71 ((*Cl), 31),
69("Cl), 17), 57 ((¥Cl), 47), 55 ((*°Cl), 22) 43((*'Cl), 36), 41 ((*°Cl), 17).
IR [cm™] ¥ 3107 (w), 3086 (w), 2955 (W), 2897 (W), 2866 (W), 2824 (W),
2803 (w), 2783 (w), 2745 (w), 2475 (w), 2158 (w), 1603 (m), 1530 (m),
1512 (m), 1479 (w), 1443 (m), 1408 (m), 1393 (m), 1373 (m), 1314 (m),
1246 (m), 1233 (m), 1190 (m), 1165 (s), 1099 8m), 1065 (m), 1020 (w),
976 (m), 949 (m), 866 (m), 839 (s), 820 (s), 791 (m), 760 (s), 739 (M),
704 (m), 687 (m), 664 (m), 650 (m), 629 (m). Anal. calcd. for
C21H21CIoN3Si (415.0): C 54.11, H 3.74, N 7.42, S 8.50; Found: C 54.40,
H 3.95, N 7.20, S 8.20.

This article is protected by copyright. All rights reserved.
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Pronounced emission solvatochromicity

A consecutive activation-alkynylation-cyclocondensation sequence efficiently
furnishes 2-substituted 3-ethynyl quinoxaline chromophores in a consecutive three-
component fashion. N,N-Dimethyl aniline in position 2 causes a considerable
enhanced emission solvatochromicity, rationalized by TD-DFT calculations,
Hammett correlations and Lippert-Mataga analysis, with a spectral range from blue

green to deep red orange with a single chromophore in a narrow polarity window.
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