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In the development of functional dyes, after the identifica-
tion of a suitable chromophore extensive variations of the
substituents usually have to be carried out before a satisfac-
tory product is obtained for the desired area of application.
This optimization of the lead structure traditionally takes
place according to combinatorial rather than rational princi-
ples, as stability, solubility, affinity, and compatibility proper-
ties are hard to predict.

Recently we reported on the dyes 1 ± 4,[1] which possess a
very interesting chromogenic system for several high-tech-
nology applications.[2] These chromophores with an electronic

structure at the mesomeric center between neutral and
zwitterionic electron distribution have high polarizabilities,
high dipole moments, and exhibit absorption spectra with
sharp bands (emax> 100 000 L molÿ1 cmÿ1, half widths DnÄ1/2<

1500 cmÿ1) that give rise to exceptionally brilliant magenta
hues.[3] This resulted in hitherto unattainable refractive index
modulations in photorefractive materials[1] as well as brilliant
hues in thermal dye transfer printing and in electrophotog-
raphy (color copiers).[2]

High concentrations of colorant are necessary in photo-
refractive materials, ribbons for thermal dye transfer printing,
and toners for color copiers, which leads to problems due to
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the marked tendency of these dipolar chromophores to
aggregate and crystallize. Our aim was now to optimize these
properties, which are hard to predict, by variation of the
substituents in a combinatorial fashion. It was advantageous
that in terms of their molecular properties the lead structures
1 ± 6 developed by rational concepts were all similarly well
suited to the desired applications;[1] thus, further treatment of
the furan and thiophene dyes 1 and 2, respectively, which are
less easily accessible in view of their precursors, became
unnecessary.

Readily accessible starting materials, which can be pro-
duced in one-pot syntheses from industrially available pre-
cursors by simple alkylation or multicomponent condensation
reactions,[4] include the dialkylamino thiazoles 8,[5] the meth-
ylene bases 9 ± 11,[6] and the hydroxypyridones 7.[7] Their
further reaction, usually consisting of a Vilsmeier formylation
of the donor bases 8 ± 11 and subsequent condensation with 7,
is, however, troublesome and requires prior purification of 8 ±
11, which is only possible by means of time-consuming
chromatography in the case of longer chain alkyl substituents
R3 ± R5. Therefore our aim was to find a method with which a
wide variety of structurally variable, unpurified starting
materials 7 ± 11 would react in a simple sequence leading
directly to the dyes 3 ± 6 and with which the pure products
could be isolated directly from the reaction mixtures.

Prompted by the recent description of a formylation ±
condensation sequence for the synthesis of merocyanines in
which orthoformates[8] were used, we examined a series of
formic acid derivatives in diverse solvents for their suitability
for the synthesis of the dyes 3 and 4 from the reactants 7 and 8
or 9, respectively (Scheme 1).[9] Indeed, we were able to
obtain almost quantitative yields with orthoformates and
some other activated formic acid derivatives as long as the
starting material was pure. Impure, and in particular not
completely anhydrous, donor components 8 or 9, on the other

Scheme 1. Retrosynthesis of the merocyanine dyes 3 ± 6.

hand, led to rapid hydrolysis of the formylating agent and thus
to impure products and losses in yield. Finally, the little-
known formylating agent dimethylformamide in acetic anhy-
dride[10] proved to be the ideal reagent, since it is extremely
tolerant towards the use of impure starting materials.[11]

Simple heating of equimolar amounts of the starting
materials in acetic anhydride in the presence of 1.5 equiv-
alents of dimethylformamide [Eq. (1)] led to the formation of
the merocyanine dyes 3 and 4 in almost quantitative yield
(HPLC) (Tables 1 and 2). Even the synthesis of derivatives

Table 1. Thiazole dyes 3 and their optical and thermal properties.[a]

R1 R2 R3�R4 R5 lmax [nm][b] Color of the solid Luminescence
of the solid[c]

DSC (type, m.p.,
TG [8C])[d]

3a Me Me Bu Ph 536 red � D, 229
3b Bu Me Bu Ph 536 green[e] 0 A, 182, ±
3c hex Me Bu Ph 536 green[e] 0 A, 140, ±
3d Me Me Bu chex 529 red 0 B, 182, 24
3e Bu Me Bu chex 529 red � A, 162, ±
3 f Bu Ph Bu chex 530 red � A, 205, ±
3g Bu Me Bu iPr 528 red 0 B, 154, 10
3h Me Me Bu tBu 533 light red � A, 170, ±
3 i Bu Me Bu tBu 534 orange �� A, 173, ±
3j Me Me Et neop 526 red 0 D, 244
3k Bu Me Bu neop 530 orange �� A, 146, ±
3 l Bu Me Bu o-MeC6H4 529 red (�) B, 174, 28
3m Bu Me Bu p-MeOC6H4 542 green[e] 0 B, 183, 33
3n Bu Me Bu 2-furyl 565 brass-colored[e] 0 A, 204, ±
3o Bu Me Bu 2-thienyl 555 green[e] 0 A, 203, ±
3p Bu Me Bu 3-thienyl 542 bronze-colored[e] 0 A, 178, ±

[a] hex�n-hexyl, chex� cyclohexyl, neop� neopentyl. [b] In dichloromethane. All alkyl-substituted derivatives are characterized by a single, extremely
narrow absorption band, for example 3 g (emax� 110 000 L molÿ1 cmÿ1, DnÄ1/2� 1250 cmÿ1). Substituents capable of conjugation in the 4-position at the thiazole
ring, on the other hand, lead to bathochromic shifts and broader bands, for example 3b (emax� 89000 L molÿ1 cmÿ1, DnÄ1/2� 1800 cmÿ1), 3 o (emax�
64000 L molÿ1 cmÿ1, DnÄ1/2� 2200 cmÿ1). [c] After excitation with UV light of 366 nm: 0 no, (�) weak,� distinct, � � intense luminescence. [d] The DSC
measurements were carried out with heating and cooling rates of 10 Kminÿ1. A: Recrystallization upon cooling; B: Glass formation upon cooling, but
recrystallization during the second heating cycle; C: Glass formation upon cooling and no recrystallization during the second heating cycle; D:
Decomposition upon melting. [e] Bronze shiny colors.
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with sterically demanding substituents, such as neopentyl- and
tert-butylthiazoles, was possible without complications. When
the reactions were carried out in concentrated solutions,
almost all dyes crystallized upon cooling in >80 % yield, and
analytically pure products were obtained through simple
washing with alcohol.[12] With the strongly basic and oxida-
tion-sensitive methylene bases 10 and 11 it proved effective to
start from the more stable hydroiodides and to convert these
in an analogous way to dyes 5 and 6, after addition of
1 equivalent of potassium acetate.

Tables 1 and 2 provide an overview of the structural
variations we carried out on the dyes 3 ± 6, the extension of
which to a large library displaying a diverse range of
substituents should be readily accessible by an automated
parallel synthesis. In terms of our objective, that is the
identification of positions in the chromophore and substitu-
ents that lead to as low a tendency as possible to crystallize,
the compounds presented herein that contain the ªstandardº
substituents methyl and n-butyl and in general one varied
position should be sufficient.

Differential scanning calorimetry (DSC)[13] was used to
characterize the crystallization behavior, wherein the dyes
were first melted and then examined for recrystallization or
formation of an amorphous glass during the subsequent
cooling and a second heating cycle. Figure 1 shows the results
of two typical DSC experiments. Whereas most low molecular
weight compounds recrystallize from the melt on cooling,
compounds 4 c and 4 k form amorphous glasses. Besides the
absence of exothermic recrystallization during the cooling
cycle (not shown), the course of the DSC plot is characterized
by a glass transition at 64 8C (4 c) and 58 8C (4 k), respectively,
on reheating. In the case of 4 c, recrystallization occurs at a
higher temperature, which can be interpreted as the expres-
sion of a noticeable tendency to crystallize. This tendency is
completely suppressed in 4 k ; thus, once melted, the substance
only alternates between the melted and the glassy state
without recrystallizing even in repeated heating ± cooling
cycles. This behavior is exceptional for dyes, which are among
the substances most prone to crystallization because of

Figure 1. DSC measurements on 4 c (left) and 4 k (right). The heat flows
for the first (1) and the second heating cycle (2) are shown. The heating and
the cooling rates were 10 Kminÿ1 each. The glass transitions are clearly
visible in the magnified section. endo: heat absorption, exo: heat emission.

their high dipole moments and a pronounced tendency
towards p ± p stacking.

Tables 1 and 2 summarize the DSC results for all the dyes.
The colorants were divided into A) crystallizing, B) glass-
forming, recrystallizing, and C) glass-forming, non-recrystall-
izing substances. In accordance with earlier findings for other
classes of compounds,[14] the only dye of the C type, 4 k, is
characterized by several sterically demanding substituents
that prevent the ordered stacking of the p faces. This
interpretation is also supported by the high solubility of the
compound in all organic solvents and its almost identical color
in solution and in the solid state. The tendency to glass
formation is already apparent for the parent skeletal struc-
ture, as demonstrated by a number of other indoline dyes 4,
in which one or two n-alkyl chains already suffice for
amorphous solidification (type B). In contrast, only a few
thiazole dyes 3 form glasses upon cooling (3 d, g, l, m). No
systematic trend is apparent, especially as the compounds

Table 2. Indoline 4, benzothiazole 5, and benzoxazole dyes 6, as well as their optical and thermal properties.[a]

R1 R2 R3 X lmax [nm][b] Color of the
solid

Luminescence
of the solid[c]

DSC (type, m.p.,
TG [8C])[d]

4a Me Me Me CMe2 522 light red (�) D, 310
4b Bu Me Me CMe2 522 red (�) A, 253, ±
4c hex Me Me CMe2 523 red � B, 204, 64
4d p-MeC6H4 Me Me CMe2 524 red-brown (�) D, >300
4e BnOPr Me Me CMe2 525 red (�) B, 171, 55
4 f Bu Me Bu CMe2 527 red � B, 196, 46
4g Bu Me iPent CMe2 527 red �� A, 218, ±
4h Ethex Me Bu CMe2 526 red � B, 162, 37
4 i Bu Pr Bu CMe2 528 red �� B, 160, 30
4j Bu Me iPr CMe2 526 red (�) B, 221, 73
4k Ethex Me iPr CMe2 526 red � C, 161, 58
5a Bu Me Et S 533 red � D, 310
5b Ethex Me Et S 533 red � D, 278
6 Bu Me Et O 495 orange � D, 286

[a] hex�n-hexyl, BnOPr� (CH2)3OCH2Ph, Ethex� 2-ethylhexyl, iPent� isopentyl. [b] In dichloromethane. All dyes are characterized by one single,
extremely narrow absorption band, for example 4 f (emax� 130 000 L molÿ1 cmÿ1, DnÄ1/2� 1300 cmÿ1), 5 a (emax� 137 000 Lmolÿ1 cmÿ1, DnÄ1/2� 1150 cmÿ1), 6a
(emax� 145 000 L molÿ1 cmÿ1, DnÄ1/2� 1150 cmÿ1). [c, d] See footnotes of Table 1.
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Bafilomycin A1 (1), a member of the hygrolide family of
macrolide antibiotics that includes the concanamycins[1] and
the hygrolidins,[2] is a potent vacuolar ATPase inhibitor that
displays broad antibiotic activity.[3] First isolated in 1983 by
Werner et al. from a culture of Streptomyces griseus sp.
sulphurus,[4] the stereochemistry of the bafilomycins was
proposed based on NMR data[5] and was subsequently verified

with sterically demanding tert-butyl and neopentyl substitu-
ents crystallize readily (type A).

Another property listed in Tables 1 and 2 is the very intense
photoluminescence exhibited by some of the dyes in the solid
state. This finding was surprising to us as solutions of 3 ± 6 do
not fluoresce. For many fluorophores the opposite behavior is
typical, that is despite intensive fluorescence in solution,
radiationless deactivation takes place in the crystalline state.
Evidently, these properties are also influenced considerably
by packing effects, which have a decisive influence on the
relaxation paths for the excitation energy. Many of the
nonluminescent dyes listed in Table 1 are planar molecules
whose bronze or green colors in the solid state indicate strong
p ± p interactions in the crystal. The dyes with sterically
demanding substituents, on the other hand, form red crystals
that shine intensively in numerous cases.[15, 16]

The dye library obtained through a highly efficient multi-
component synthesis led us to colorants with glass-forming
and solid-state photoluminescent properties. Sterically de-
manding substituents proved crucial to both properties by
determining the packing of the functional p systems, thus
paving the way for the exploitation of these interesting dyes in
new materials.

Experimental Section

Typical procedure for the synthesis of the merocyanine dyes 3 and 4 : A
thiazole 8 (0.05 mol) or a methylene base 9 (0.05 mol), respectively, a
hydroxypyridone 7 (0.05 mol), and dimethylformamide (0.075 mol, 5.5 g)
were heated to 90 8C in acetic anhydride (20 ± 30 mL) for about 3 h. The
solid which precipitated upon cooling to room temperature was filtered off,
washed thoroughly with 2-propanol and/or aqueous ethanol until the color
of the filtrate changed from violet to red, and subsequently dried in a
vacuum-drying cabinet at 50 8C.

For the physical characterization, the dyes were recrystallized from acetic
anhydride, toluene, or toluene/hexane mixtures.
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