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Indolizine derivatives are obtained by irradiation of 2-benzoyl-N-
benzylpyridinium derivatives and dimethyl acetylene dicarboxylate,
thus providing a competitive and complementary base- and catalyst-
free synthesis. With this method, the first example of a crystallochromic
indolizine is presented, whose color in the solid state depends on the
out-of-plane torsion of the benzoyl substituent.

Indolizine and its derivatives constitute an important class of
bicyclic hetarenes." Specifically, the indolizine unit is found in
several bioactive natural products and represents a promising
lead structure in pharmaceutical chemistry and drug design.’
In addition, indolizines usually exhibit favorable fluorescent
and photophysical properties and may be applied as functional
dyes,® fluorescent probes® or organic light-emitting diodes
(OLED).” As a result, the development of new synthetic strategies
toward indolizine derivatives with defined substitution patterns
has become a challenging and appealing research topic,® leading to
synthetic approaches such as the generally applicable 1,3-dipolar
cycloaddition between N-alkylpyridinium ylides and dipolaro-
philes,” oxidative cyclization,® cross coupling,® transition-metal
catalysis,'® cycloisomerization reactions,'" along with a variety of
specific reactions.'” Notably, photochemical syntheses of indo-
lizines are rather rare despite the obvious benefits and advan-
tages of light as controllable and traceless reagent. To the best of
our knowledge, only two photochemical indolizine syntheses
have been reported, so far. Hence, it has been shown that
2-vinylpyridine adds to photochemically generated singlet car-
benes to form pyridinium ylides, which subsequently cyclize
to the respective indolizines."> More recently, a light-mediated
synthesis from bromomethylpyridine derivatives and enol
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carbamates was reported.’® In this context, we coincidentally
discovered the unexpected formation of indolizines in a photo-
reaction of N-alkylpyridinium derivatives and dimethyl acetylene-
dicarboxylate (DMAD). And herein, we demonstrate that this
photoreaction represents a useful complementary base-free syn-
thesis of indolizine derivatives, and we describe that this method
led to the discovery of the first crystallochromic indolizine
derivative.

Initially, we investigated the benzoyl-N-benzylpyridinium 1a
as substrate for photochemical synthesis of quinolizinium
derivatives by initial y-H abstraction and subsequent Diels-Alder
reaction of the resulting photoenol 12" ** with DMAD (Scheme 1).
But instead of the anticipated product, the dimethyl-5-benzoyl-3-
phenylindolizine-1,2-dicarboxylate (2a) was isolated in low yield as
the only product. The formation of product 2a was indicated by the
characteristic "H-NMR spectroscopic shifts and multiplets of the
protons of the pyridine unit (6-H: 7.09 ppm, 7-H: 7.34 ppm, 8-H:
8.45 ppm) and further confirmed by 1D- and 2D-NMR spectro-
scopic analysis, mass spectrometry and elemental analysis data
(¢f ESIT). After optimization of the reaction conditions (Table 1),
the product 2a was isolated in 18% yield after chromatographic
work-up and crystallization. As indolizines are known to be formed
also by the ground-state reaction of N-alkylpyridinium derivatives
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Scheme 1 Photochemical syntheses of indolizine derivative 2a.
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Table1 Photochemical and base-promoted synthesis of indolizines from
N-alkylpyridinium derivatives 1la—d

CO,Me
= | 6 o MeO,C h AT e ?
vor
N ﬁ X7 4 \ . » SN / CO,Me
r.t
R!' R2 CO,Me ,  R?
DMAD R
1a-d (2 equiv.) 2a-d
R! R? Cond. Solvent  t/h Yield/%
1a® COPh Ph hv MeCN 15.5 18 (2a)
1b* COPh CO,Et hv MeCN 15.5 46 (2b)
1> coph H hv MeCN 15.5 4 (2¢)
1a® COPh Ph AT, K,CO, THF 24 11 (2a)
1b® COPh  CO,Et AT, K,CO; THF 24 51 (2b)
1> coph H AT, Na,CO;  MeCN 24 <1 (2¢)
1d* H Ph hv MeCN 19.5 <1 (2d)

@ Counterion: X = Br. ” Counterion: X = BF,.

and acetylenes in the presence of base,” it was also tested whether
2a can be synthesized by this complementary route. Indeed, the
reaction of 1a with DMAD under alkaline conditions also gave the
product 2a in a slightly lower yield of 11% under identical work-up
conditions (Table 1). These low yields are in line with the com-
monly reported observation that pyridinium ylides require a strong
electron-withdrawing substituent at the N-methylene fragment
for an efficient 1,3-dipolar cycloaddition.” In agreement with this
trend, the reaction of the ester-substituted substrate 1b gave the
corresponding indolizine 2b in significantly increased yields of
46% in the photoreaction and 51% in the base-promoted reaction
(Table 1). To test the limit of this method with regard to the CH
acidity of the N-methylene group, we examined whether the
N-methylpyridinium 1c can still be used for the photoinduced
indolizine synthesis. Hence, the formation of 2¢ was observed on
irradiation of 1c in the presence of DMAD, albeit in a very low yield
of 4%. In turn, product 2c could only be isolated in less than 1%
yield by the reaction of 1c with DMAD under alkaline conditions
(Table 1).® Furthermore, the irradiation of N-benzylpyridinium
1d, which was employed as control to assess the relevance of the
ketone chromophore in the photoreaction, in the presence of
DMAD also gave the resulting indolizine 2d only in very low yield
(<1%).

The mechanism of the photoinduced indolizine synthesis
may be introduced with the y-H abstraction at the N-methylene
group by the excited ketone followed by photoenol formation
(Scheme 1, path A). Although azonia-photoenols are not known,
at least aza-photoenols have been generated and subsequently
trapped with dienophils.’” However, in the case of pyridinium
substrates 1a-d, the resonance structure of a pyridinium ylide,
e.g. 1a¥, should also be considered that contributes signifi-
cantly to the overall electron density and thus to the reactivity.
Pyridinium ylides are well known to add in a Michael addition
to acceptor-substituted alkynes to give indolizine derivatives
after subsequent cyclization and oxidation.”” Presumably due
to significant steric hinderance, the competing Diels-Alder
reaction of photoenol 1a”® with DMAD did not occur, as indicated
by the lack of characteristic NMR signals of the resulting quino-
lizinijum derivative in the reaction mixture. Even though the
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unambiguous proof of the photoinduced formation of the pyridi-
nium ylides is pending - and requires detailed photophysical
studies — some evidence for their formation is provided by the
observation that the independently base-generated pyridinium
ylides give the same products on reaction with DMAD (Table 1).
At the same time, the pyridinium ylides may also be formed in an
excited-state proton transfer (ESPT)"® reaction between the carbo-
nyl and the N-methylene protons (Scheme 1, path B). Carbonyls are
known to have an increased basicity in the excited state'® and the
photoacidity of benzylic positions has been reported already,*® but
not for ylides, so far. But the strong electron withdrawing effect of
the pyridinium unit>* should lead to a significant acidity in the
excited state. Such an ESPT reaction, e.g. with the solvent or DMAD
as proton acceptor, would explain why the substrate 1d, which
lacks the benzoyl substituent, also gives an indolizine product in
very low yield. It should be noted also that a characteristic
photoreaction of pyridinium derivatives is the formation of bicyclic
aziridines.”> While the formation of a complex reaction mixture
does not allow to exclude this reaction pathway, we were not able
to detect unambiguously the corresponding reaction products.

For the indolizine derivatives 2a-c, broad absorption bands
were detected with long-wavelength maxima at 410 nm (2a),
375 nm (2b), and 415 nm (2c¢) in acetonitrile solution, respec-
tively (Fig. 1, ¢f ESIT). These derivatives also exhibit emission
bands in acetonitrile solution with maxima at 563 nm (2a,
&g = 0.07), 540 nm (2b, @4 = 0.01) and 529 nm (2¢, Pg = 0.20).
Both absorption and emission maxima are significantly red-
shifted relative to the parent indolizine,”® which indicates a
donor-acceptor interplay between the electron-donating indo-
lizine ring and the electron-acceptor substituents.>* The emis-
sion quantum yields of derivatives 2a-c are relatively low, in
particular when compared with the one of the parent com-
pound (®g = 0.84 in hexane),>® which may be explained by the
quenching effect of the carbonyl groups.>®

Most notably, we discovered during workup that the indolizine
2a gave two different types of crystals with distinctly different
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Fig. 1 Absorption (blue, c = 40 uM) and emission spectra (red, Abs. = 0.10
at Zex = 405 nm) of 2a (solid ine), 2b (dashed line) and 2c (dotted line) in
MeCN.
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Fig. 2 ORTEP-style structures of the polymorphs 2a" (A) and 2a“ (B) in the solid state (50% probability ellipsoids). C: Overlay of structures of 2a" (blue)
and 2a°“ (red). Hydrogen atoms are omitted for clarity. D: Inherent color of crystals of 2a" (left) and 2a“ (right).

colors on recrystallization (Fig. 2D), a property that is often referred
to as crystallochromism or color polymorphism.*® Namely, the
compound 2a initially crystallized as orange-colored cubes from
cyclohexane or hexane/ethyl acetate, whereas after longer crystal-
lization time in cyclohexane or upon cooling in hexane/ethyl
acetate a second fraction of yellow-green needles was formed.
Xray diffraction analysis showed that the two crystal forms
are polymorphs of compound 2a, hereafter assigned 2a™ (n for
needles) and 2a° (c for cubes) (Fig. 2A and 2B). The yellow needles,
2a", crystallized in the space group C2/c, whereas the orange cubes,
2a°, crystallized in the space group P2,/n (c¢f: ESIY). In each crystal
lattice, pairs of indolizine molecules are arranged in an anti-head-
to-tail orientation with a distance between the molecular planes
(2a™ 320-340 pm; 2a“: 340-350 pm), that is in the range of the sum
of the van der Waals radii of two carbon atoms (340 pm).”’
However, the sterically demanding substituents impede an
extended m-stacking interaction. Hence, the molecules exhibit
large tranverse shifts relative to the long molecular axes (2a™
140-150 pm; 2a% 170 pm), so that the actual overlap of the
T systems is very small in each case (¢f ESIf). Therefore, the
different color of the crystals is likely not caused by differently
pronounced n-stacking interactions, as shown for example in
polymorphs of perylene derivatives.>®

In general, the bond length and angles are essentially the
same in 2a" and 2a° (¢f. ESIt). In both polymorphs the indoli-
zine unit is slightly twisted out of planarity, whereby in 2a‘ the
deviation from the plane is slightly more pronounced as seen
from the torsion angles C2-N1-C6-C7 and C5-C6-N1-C9
(2a™ 176°/176°; 2a“: 171°/175). This out-of-plane distortion is
obviously caused by the strong repulsive peri-interactions
between the phenyl and the benzoyl substituents as also
indicated by the dihedral angle C1-C2-C9-C20 (2a™: 18°; 2a“
36°). Most notably, the orientation of the benzoyl functionality
relative to the indolizine is completely different in the poly-
morphs 2a™ and 2a“, as shown by an overlay of both structures
(Fig. 2C). In particular, the carbonyl C=0 bond points away
from the indolizine core in 2a", whereas in 2a° it is aligned in
the opposite direction. The particular arrangement of the
benzoyl substituent in 2a" is likely caused by its n stacking
interaction with the phenyl group as indicated by very small
distances between the slightly tilted aromatic rings, e.g. C10-C20:
300 pm; C11-C25 = 353 pm; C12-C24 = 404 pm, C15-C21 =
366 pm. This significant and most pronounced difference between
the two molecular structures may explain the distinct color of the
polymorphs because it causes a different degree of m conjugation

This journal is © The Royal Society of Chemistry 2019

of the carbonyl functionality with the indolizine chromophore,
as shown by the dihedral angles N1-C2-C1 O1 of 31° in 2a“ and
C3-C2-C1-01 of 51° in 2a". The different degree of conjugation
of the ketone functionality of 2a™ and 2a“ was confirmed by
slightly different shifts of the IR absorptions in the solid state
(2a™ 1666 cm™'; 2a% 1661 cm ™ '). Thus, specifically in 2a" this
out-of-plane displacement of the carbonyl group in combination
with the deviation of the C1-C2 bond from the indolizine plane
hamper the overlap of p, orbitals of these separate units, thus
suppressing resonance interaction. Even though the carbonyl
functionality in 2a° is also twisted from coplanarity with the
indolizine, it still enables sufficiently more overlap with the
latter. As a result, a pronounced donor-acceptor interplay with
the strong electron-donating indolizine is possible that results in
the red shift of the absorption, i.e. the orange color of the crystal.
This dependency of the color of crystals on the torsional angle
between different parts of the n-conjugated chromophore has
been demonstrated already, for example with polymorphs of
thiophenecarbonitrile,>®* p-chloroaniline,*® or p-toluidine®!
derivatives. Herein, it is demonstrated for the first time that
indolizine derivatives may develop this type of crystallo-
chromsim as well. And based on the analysis and interpretation
of the solid-state data, this property is a direct consequence
of the steric hinderance between the carbonyl functionality and
the peri-substituted phenyl group. Thus, it may be proposed
that indolizine or indolizine-type fluorophores with the same
substitution pattern have the same propensity to form crystal-
lochromic polymorphs.

In summary, we present a photoinduced, base- and catalyst-
free synthetic route to polysubstituted indolizine derivatives.
Although the yields are not high for the present examples, it is
shown that this mild route is generally competitive and com-
plementary to the established synthesis with base-generated
pyridinium ylides. In addition, we discovered the first example
of a crystallochromic indolizine derivative whose analysis
revealed some principles that may be employed for the rational
design of further crystallochromic indolizine derivatives.
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