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Abstract—Color modulation was first observed for CT-induced chemiluminescent decomposition of a dioxetane bearing a 3-(anthra-
cen-9-yl)-5-hydroxyphenyl induced by a complex of crown ether with potassium tert-butoxide in benzene system. The phenomenon
is rationalized by conformational change of a biaryl moiety in the emitter, which is induced by steric interaction of anthryl and a

plane of crown ether complex.
© 2004 Published by Elsevier Ltd.

One marvelous phenomenon in luminous organisms is
color modulation observed in the bioluminescence of
beetles such as the firefly. Beetle luciferases use the same
luciferin (1) to display light ranging in color from green
to red. An influential proposal to elucidate the phenom-
enon is that a luciferase-assisted tautomerization of ex-
cited-state oxyluciferin (2) to an enol (3) causes color
change of luminescence.! Another persuasive elucida-
tion is that color variation relates to TICT (twisted
intramolecular charge transfer) excited state’ due to
conformational changes of the keto form of excited-
state oxyluciferin (2) to a twisted form (4),> which occurs
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by rotation about the C2-C2’ bond (Scheme 1). A very
recent experimental study using luciferase mutants has
supported the latter elucidation including conforma-
tional change of 2,* whereas a theoretical study reported
recently has taken sides with the former proposal.’

On the other hand, there has been little known of
the color modulation by the microenvironment for
chemiluminescence derived from intramolecular charge-
transfer (CT)-induced decomposition of dioxetane
bearing an electron donor (Scheme 2),° although such
type of CT is generally accepted to be responsible for
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the bioluminescence mechanism of the firefly including a
high-energy dioxetanone intermediate.>’ This situation
prompted us to realize a substrate that changes color of
chemiluminescence depending on the microenvironment.
The designed dioxetanes were 5-tert-butyl-4,4-dimethyl-
2,6,7-trioxabicyclo[3.2.0]heptane bearing a 1-[3-(anthra-
cen-9-yl)-5-hydroxyphenyl] (5a) and its 10-cyanoanthra-
cen-9-yl analog (Sb). These dioxetanes (Sa, Sb) and a
parent dioxetane (6)® were examined for their chemilumi-
nescent behavior in the coordination sphere of a crown
ether complex with potassium in benzene® (Scheme 3).

Dioxetanes (5a, 5b) were synthesized by singlet oxygen-
ation of the corresponding dihydrofurans (7a) and (7b).
The structures of 5a (mp 125.0-126. 3°C) and 5b (mp
195.3-196.2°C) were determined by 'H NMR, 3C
NMR, IR, Mass, and HRMass spectral analy51s X-
ray single crystallographic analysis of 5a was success-
fully achieved as shown in Figure 1, where the most
important point to be noted is that two aromatic rings
twist markedly to each other.!'® When a solution of 5a
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Figure 1. ORTEP view of dioxetene (5a) twisted angle (0): C,—Ci3—
C15*C16 = 65.5°.

in benzene (1.0 x 107*M, 1 mL) was added to a solution
of tetrabutylammomum tert-butoxide (TBA™tBuO™) in
benzene (1.0x 10~'M, 2mL), 5a decomposed rapidly
to give crimson hght with max1mum wavelength
28 "= 709 nm, chemiluminescent yield #“~ = 4.0 x 10,

and half life of decay t;,=45s at 25°C.1L12 The
chemiluminescent decomposition of 5a triggered with
tetrabutylammomum fluoride (TBAF/DMSO) gave a
similar result (A = 709nm). The maximum wave-
length of chemiluminescence (/AS-) for 5a coincided
with the maximum wavelength of fluorescence (A )
from the spent reaction mixture as well as A" of an
oxyanion (8a) of an authentic ketoester, which was
easily prepared by thermolysis of 5a. These results show
that 8a is an emitter for the chemiluminescent decompo-

sition of 5a.

Next, we carried out chemiluminescent decomposition
of 5a by the use of various complexes of crown ether
with BuOK, [KC(crown ether)]"rBuO~, in benzene.
Consequently, the color of chemiluminescence from 5a
was found to change significantly depending on the
crown ether used as a ligand. Thus, 2. from 5a
was 25nm shorter for triggering w1th complex of
18- -Crown- 6 ether (10b) ([KC(IOb)] ) (ﬁ{;x = 684nm)
than 2S5 with TBA™/BuO~, while it became
far shorter (>100nm) with a complex of N,N’-di-
benzyl-4,13-diaza-18-crown-6 ether (10d) ([KC(IOd)] )
(ASk = 606nm). These results are summarized in Table
1 together with those for cryptand[2.2.1] (10a), dicyclo-
hexano-18-crown-6 ether (10c), and 4,13-diaza-18-
crown-6 ether (10e). Chemiluminescent decomposition
of cyanoanthracene analog (5b) exhibited a tendency
similar to the case of 5a, though the emissions from Sb
were observed in longer wavelength region as shown in
Table 1. It is noteworthy that the result for 5b is presum-
ably the first example of emission of near infrared light

from a dioxetane-based chemiluminescent substrate.

The stability of [KC(crown ether)]” is well known to
vary dramatically with the ligand.'? Since the interaction
between the ligand and the potassium ion can be consid-
ered to be purely electrostatic in nature for complexes
[KC(crown ether)]®, the ionic attraction of potassium
for phenoxide (8) was assumed to vary with their stabi-
lity, thereby color change of chemiluminescence from 5
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Table 1. Color change for base-induced chemiluminescence from dioxetanes (5a), (5b), and (6)

Base® log K, Maximum wavelength of chemiluminescence (ASL ) and deviation of maximum wavelength (A2)
5a 5b 6

L /nm AZflnm S /nm A2¢nm 2L /nm A2flnm
TBA™/BuO ¢ — 709 0 >900" — 478 0
[KC(10a)]"/BuO~ 8.40 680 -29 854 —46 471 -1
[KC(10b)]"/BuO™~ 6.09 684 =25 849 =51 4868 +8
[KC(100)]"tBuO~ 5.65 626 —83 767 —133 4928 +14
[KC(10d)]*BuO~ 3.38 606 —-103 745 —155 470 -8
[KC(10e)]"tBuO~ 1.83 650" —59 844 —56 472 —6
[Nac(10b)]"/BuO~ 4.32 579 —130 677 —223 451 =27
[Nac(10f)]*/BuO~ 3.48 569 —140 718 —182 460 —-18

3 Unless otherwise stated, a solution of a dioxetane in benzene (1.0 x 10~>moldm 3, 1 mL) was added to a solution of a complex of crown ether with

alkali metal 7-butoxide in benzene (0.1 moldm™3, 2mL) at 25°C.

®Stability of crown ether complex with alkaline metal in methanol (Ref. 13).
¢ Deviation of maximum wavelength (ASh ) from the value for TBA*-#BuO™ in benzene as a standard.

L

4 Deviation of maximum wavelength (ifm

) from 900nm for convenience sake.

© A solution of a dioxetane in benzene (1.0 x 10 >moldm ™3, 1 mL) was added to a solution of TBA*-#BuO~ in benzene (0.1 moldm >, 2mL) at 25°C.

fTHF was used instead of benzene as a solvent.
£ A shoulder peak was observed at ca. 450nm.
" A broad spectrum was observed.

relates to the stability of [KC(crown ether)]”. However,
little obvious correlation was noted between the stability
of [KC(crown ether)]” and color change for chemilumi-
nescence of 5. Moreover, the variation of ligand for
[KC(crown ether)]" caused only a little change of emis-
sion color from 6 as shown in Table 1. These results sug-
gest that the ionic interaction between a phenoxide ion
and potassium ion of [KC(crown ether)]” varies with
the ligand not so much as to cause the color change of
chemiluminescence. This suggestion is supported by an
experiment using complexes of crown ether with a so-
dium ion, which should attract a phenoxide anion far
more strongly than a potassium ion, as the ionic radius
of sodium ion is fairly smaller than that of the potassium
ion. In fact, when [Nac(10b)]"/BuO~ and a complex of
15-crown-5 (10f), [Nac(10f)]'rBuO~, were used in
benzene, the maximum wavelength (AS- ) of chemilumi-
nescence from 6 shifted to shorter wavelength (A4 = 18—
27nm),'* and, furthermore, marked blue shift was
observed for 5a (A4 =130-140nm) and 5b (1 =182-
223nm), as shown in Table 1.

Hence, the color change of chemiluminescence observed
for 5 is most likely attributed to steric interaction of an
emitter (8) with [KC(crown ether)]”. An anthracene ring
and a phenolic ring in a stable conformer of 8 lie pre-
sumably with large twisted angle (6 ~ 66°) also in a solu-
tion, according to the result shown in Figure 1 and
estimation by an AM1 MO calculation. If the conforma-
tion with large 6 is maintained even for 8 coordinated
with [KC(crown ether)]”, a wing (or terminus) of the
anthracen-9-yl ring attached to the meta-position of a
phenoxide is assumed to come near or into contact with
a plane of the coordinated crown ether, referring to
structural data reported for several [KC(crown
ether)]"-ArO~ complexes.!> For such case, the twisted
angle () would become smaller to avoid the steric repul-
sion of the anthracene ring with a plane of crown ether,
and the change of 0 affects presumably MO energies in a
n-electron system of 8, as illustrated in Scheme 4. This
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type of steric interaction is little expected for emitter 9
bearing a simple 3-hydroxyphenyl. An AM1 MO calcu-
lation illustrates suggestive though qualitative features
for the relationship between § and LUMO/HOMO ener-
gies for emitter 8: a methyl ester analog instead of 8 was
used as a model for convenience sake. Thus, the calcula-
tion suggests that, as 0 decreases from ca. 70° to 30°, the
energy gap (AE = Erymo — Enomo) Increases, thereby
2L shifts to blue, as shown in Figure 2.

Among the complexes of crown ether with potassium,
10c and 10d, having fairly bulky substituents, are easily
supposed to be conspicuously large sterically, and thus
influential toward conformational change of a biaryl
system of 8, so that they should cause color change of
chemiluminescence from 5 effectively. In fact, blue shift
of /€& was far larger for [KC(10c)]" and [Kc(10d)]"

“max

than the others as shown in Table 1.

The results described here support a proposed elucida-
tion that interactions between luciferase and emitter
oxyluciferin (2) maintain specific conformers of the
excited state thus influencing color variation. However,



8082 M. Matsumoto et al. | Tetrahedron Letters 45 (2004) 8079-8082

163 <
> »/-/*‘—‘\4\4\4\2;\‘\‘
o i
@
S
5 161=
QE
532 +
— —
-351 = [}
) ©o co,Me
>
= - Model for 8
2
I i =16
g 87
= 1 T Ee
o | ==
I 3@
-356 30
7 T3
=2
L ?‘:8
L c3_, e,
L2
i i i
30 60 90
0/ degree

Figure 2. Variation of HOMO energy (@), LUMO energy (M), and
relative energy (A) of conformers with the change of twisted angle (6)
of a biaryl system for methyl 3-(anthracen-9-yl)-5-hydroxybenzoate as
a model of 8.

they do not rule out the other elucidations proposed for
the color change of bioluminescence from the beetles. In
fact, triggering of 6 as well as 5a and 5b with
[Nac(10b)]*/BuO~ or [Nac(10f)]*/BuO~ was found to
cause blue shift of chemiluminescence as described al-
ready. This phenomenon should be rationalized by ionic
attraction of the sodium ion for a phenoxide stronger
than that of potassium.

In conclusion, we have shown here a first example that
the color of light is modulated by the microenvironment
for CT-induced chemiluminescent decomposition of a
dioxetane bearing a biaryl moiety, namely, 3-(anthra-
cen-9-yl)-5-hydroxyphenyl. The phenomenon is most
likely rationalized by conformational change of a biaryl
moiety in the emitter, which is induced by steric interac-
tion of anthryl and a plane of [KC(crown ether)]". The
change of ionic interaction between a phenoxide of the
emitter and the alkaline metal ion coordinated with
crown ether was found also to cause change of color
of dioxetane-based chemiluminescence. These findings
suggest that the color modulation of bioluminescence
of the firefly may be caused not only by conformational
change of oxyluciferin but also by strength of ionic
interaction at an oxyanion of the hydroxybenzothiazole
part of oxyluciferin (2).
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