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Base-induced chemiluminescent decomposition of acylamino-substituted dioxetane 1b bearing a
3-hydroxyphenyl group proceeded according to dual phase kinetics due to syn–anti isomerism of the aryl
group. For dioxetane 7 bearing a 6-hydroxynaphthalen-2-yl group, syn- and anti-rotamers were each iso-
lated and their structures were determined by X-ray single crystallographic analysis. Both rotamers
underwent base-induced decomposition accompanied by the emission of red light to exclusively give
the same keto imide 8. However, a marked difference in chemiluminescence efficiency was observed
between anti-7 and syn-7.

� 2008 Elsevier Ltd. All rights reserved.
Dioxetanes bearing a phenoxide anion as an electron donor
undergo intramolecular charge-transfer-induced decomposition
(CTID) accompanied by the emission of light.1,2 This phenomenon
has received considerable attention due to interest in the mecha-
nism related to bioluminescence and chemiluminescence and in
a possible application to high-performance biological and clinical
analysis.3–6 Thus, extensive research has been conducted to eluci-
date the singlet-chemiexcitation process7–12 as well as to develop
highly effective dioxetane-based chemiluminescence systems.
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However, it is still unclear how chemiluminescence is related to
the structure of dioxetanes. Thermally persistent acylamino-
substituted dioxetane 1a has very recently been synthesized as a
new class of dioxetanes.13 One of the most intriguing features of
1a was that a pair of syn–anti rotamers was observed at room tem-
perature by NMR analysis, though neither could be isolated
(Scheme 1). This finding prompted us to realize CTID-active
acylamino-substituted dioxetanes that exhibit such rotational
isomerism and to investigate their chemiluminescence properties,
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Figure 2. Dioxetane 4 and oxygen-substituted dioxetane 5.
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with the expectation that this could shed light on the relationship
between the structure of dioxetanes and their chemiluminescence
properties.

A CTID-active dioxetane, 3-hydroxyphenyl analog 1b, was easily
synthesized by the singlet oxygenation of dihydropyrrole 2. 1H
NMR and 13C NMR spectra showed that the dioxetane existed as
a mixture of syn-1b and anti-1b (55:45), similar to the case of
1a.14 We first investigated whether or not the rotational isomerism
was reflected in the CTID of 1b. When 1b was treated with a large
excess of tetrabutylammonium fluoride (TBAF) in DMSO at 25 �C,15

1b underwent CTID accompanied by the emission of yellow light
(maximum wavelength kCL

max ¼ 571 nm, chemiluminescence effi-
ciency UCL = 8.5 � 10�3).16,17 After neutralization, spent reaction
mixture gave a hydroxy form of 3 in high yield. Therefore, the CTID
of 1b was thought to proceed through unstable oxidophenyl-
dioxetane 1c to give keto imide 3 in the excited state (Scheme 1).

The time course of the CTID is shown in Figure 1, from which we
can see that 1b underwent a dual phase decomposition, consisting
of fast and slow reactions. Kinetic analysis revealed that both reac-
tions proceeded according to pseudo-first order kinetics, and their
rate constants kCTID

fast and kCTID
slow were estimated to be 0.70 s�1 and

0.040 s�1, respectively. The CTID of 1b contrasted sharply with that
of analog 4 bearing a 4-hydroxyphenyl, which did not show syn–
anti isomerism (Fig. 2). Dioxetane 4 decomposed simply in a single
lig
ht

 in
te

ns
ity

time/s
0 40302010

1b
1b-slow

1b-fast

lo
g 

(li
gh

t i
nt

en
si

ty
) 1b-fast

1b-slow

0             10            20 30            40

1b

Figure 1. Time course of CTID of 1b in TBAF/DMSO system at 25 �C.
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phase according to pseudo-first order kinetics to give blue light
(kCTID = 0.14 s�1, kCL

max ¼ 471 nm, UCL = 1.1 � 10�7). Such simple
single-phase decomposition has been reported as a rather normal
feature for most known CTID-active dioxetanes, as represented
by furan-analog 5, for which the rotational isomerism has hardly
been observed.18 These facts suggest that one rotamer (syn or anti)
decomposed rapidly while the other decomposed slowly for the
CTID of 1b. However, it is not clear whether the rotamer with
kCTID

slow decomposed directly or first isomerized to another rotamer
that then decomposed: the syn-anti isomerism of 1 occurred too
fast for it to be isolated, but slow enough for it to be observed in
NMR.

Our next attempt was based on the idea that the introduction of
a bulky aryl group, such as naphthalen-1-yl, in place of 3-hydroxy-
phenyl, into the dioxetane skeleton 1 may suppress the syn–anti
isomerism. When a solution of N-Boc-5-(6-hydroxynaphthalen-1-
yl)-2,3-dihydropyrrole 6 in CH2Cl2 was irradiated with a Na-lamp
together with a catalytic amount of tetraphenylporphin under an
O2 atmosphere at 0 �C for 1 h, 1,2-addition of singlet oxygen onto
6 proceeded smoothly (Scheme 2). 1H NMR analysis of the photo-
lysate showed that dioxetane anti-7 formed exclusively. Chromato-
graphic purification gave pure anti-7 as pale yellow granules, mp
181.5–184.0 �C (dec.) (from AcOEt), which gave satisfactory 1H
NMR, 13C NMR, IR, and mass spectral data.19 The stereochemistry
of anti-7 was finally determined by X-ray single crystallographic
analysis, as illustrated in Figure 3a.20

When anti-7 was heated in toluene-d8 at 110 �C for 10 min, 1H
NMR analysis showed that anti-7 isomerized into syn-7 to give a
mixture of anti-7:syn-7 = 72:28, and decomposed concomitantly
to give ca. 5% of keto ester 8. Prolonged heating of anti-7 did not
change the ratio of rotamers but increased decomposition product
8. The rotamer syn-7 could be isolated in pure form by column
chromatography as pale yellow prisms, mp 148.0–148.5 �C (from
benzene/CH2Cl2).21 The structure of syn-7 was determined by 1H
NMR, 13C NMR, IR, and mass spectral analyses, and finally by X-
ray single crystallographic analysis, as illustrated in Figure 3b.20

Rotamer syn-7 gave a mixture of anti-7:syn-7 with the same ratio
as with anti-7 along with a small amount of 8 on heating at
O

N

O

t-Bu
O

R

HO

N

t-Bu

HO

O O

8

syn-7

R

2.



Figure 3. ORTEP views of dioxetane 7.
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Figure 4. Chemiluminescence spectra of 3-hydroxyphenyldioxetane 1b, 4-
hydroxyphenyldioxetane 4, and 6-hydroxynaphthalen-1-yl-dioxetanes anti-7 and
syn-7.
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110 �C in toluene-d8. However, isomerization between anti-7 and
syn-7 was hardly observed at room temperature. The present re-
sults provide a unique example of the successful isolation of rota-
mers for aryl-substituted dioxetane.

When anti-7 was treated with a large excess of TBAF at 25 �C,22

anti-7 underwent CTID following pseudo-first order kinetics to
emit red light with kCL

max ¼ 678 nm, UCL = 2.8 � 10�4, and kCTID =
3.2 � 10�2 s�1. The CTID of syn-7 also proceeded to give red light
upon similar treatment with TBAF. However, UCL for syn-7 was
only 1/19 of that for anti-7, and the rate of CTID was considerably
slower than that for anti-7 (kCTID:syn-7/anti-7 = 1/6), as summa-
rized in Table 1. The chemiluminescence spectrum for syn-7 was
also different to some extent from that for anti-7, as illustrated in
Figure 4 and Table 1. Next, we examined the CTIDs of rotamers
in acetonitrile to confirm whether rotamer-dependent chemilumi-
nescent decomposition also occurred in a solvent other than
DMSO. As shown in Table 1, a marked difference in UCL was also
observed between syn-7 and anti-7 in acetonitrile.

The results described above raise important questions related to
the singlet-chemiexcitation mechanism for CTID of dioxetanes. It is
not surprising that kCTID changed depending on the conformation
of an aromatic ring, since the rate of CTID has often been reported
to be affected by the structure of dioxetanes.5,6 However, we did
not expect the marked difference in chemiluminescence efficiency
between syn-7 and anti-7. The difference in the chemilumines-
cence spectra between syn-7 and anti-7 is also rather unusual for
a homogeneous system, although both rotamers gave the same
keto imide 8.

Excited oxido anion 9 was thought to be an emitter produced
from both anti-7 and syn-7 in CTID, since 8 was isolated in high
yields from both spent reaction mixtures after neutralization. The
fluorescence spectrum of authentic oxido anion 9 generated from
8 in situ coincided with the chemiluminescence spectrum of syn-
7 in both solvent systems (DMSO and acetonitrile): maximum
wavelength of fluorescence kfl

max ¼ 688 nm, and fluorescence
Table 1
TBAF-induced chemiluminescent decomposition of dioxetanes 1b, 4, and rotamers of
dioxetane anti-7 and syn-7a

Dioxetane Solvent kCL
max (nm) UCLb kCTID (s�1)

1b DMSO 571 8.5 � 10�3 0.70, 0.040
4 DMSO 471 1.1 � 10�7 0.14
anti-7 DMSO 678 2.8 � 10�4 3.2 � 10�2

syn-7 DMSO 688 1.5 � 10�5 5.7 � 10�3

anti-7 Acetonitrile 690 1.0 � 10�4 6.5 � 10�3

syn-7 Acetonitrile 701 8.3 � 10�6 6.5 � 10�4

a All reactions were carried out at 25 �C.
b Chemiluminescence efficiencies were estimated based on the value for 3-(3-

tert-butyldimethylsiloxy)phenyl-4-adamantylidene-4-methoxy-1,2-dioxetane.17
efficiency Ufl = 1.2 � 10�3 in DMSO, kfl
max ¼ 700 nm, and Ufl = 5.8 �

10�4 in acetonitrile. Thus, the singlet-chemiexcitation efficiency
Us = UCL/Ufl for the CTID of syn-7 was estimated to be 0.013 in
the DMSO system and 0.014 in the acetonitrile system.

On the other hand, Us for anti-7 could not be reliably estimated
since the chemiluminescence spectrum and fluorescence spectrum
of authentic 9 deviated from each other to some extent. However,
by using the Ufls of authentic 9, we formally estimated Us for anti-
7 to be 0.23 in the DMSO system and 0.17 in the acetonitrile
system. These formal Uss are very close to the value of Us reported
for the CTID of related bicyclic dioxetane 10 bearing a 6-
hydroxynaphthalen-1-yl group (0.23 in DMSO) (Scheme 3).23

These estimations suggest that the marked difference in UCL

between anti-7 and syn-7 can be attributed to the difference in
singlet-chemiexcitation efficiency.

As noted above, the chemiluminescence spectra of anti-7 and
syn-7 did not coincide with each other, though both isomers 7
exclusively produced the same keto ester 8. This discrepancy is
likely due to the difference in stereochemistry between de novo
keto imides 9s formed from anti-7 or syn-7. Thus, de novo 9s, that
is, anti-9 and syn-9, may inherit the corresponding conformations
from intermediary dioxetanes anti-11 and syn-11, as illustrated
in Scheme 3. This idea means that the features of singlet-chemiex-
citation for anti-11 should be different from those for syn-11. Tana-
ka, Tanaka and we (MM) will report elsewhere a theoretical
elucidation of how the singlet-chemiexcitation process is affected
by syn–anti conformational isomerism of dioxetane bearing an
oxidoaryl group.24

The present findings should stimulate investigation of the
mechanism of the singlet-chemiexcitation process for dioxetane-
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based chemiluminescence as well as bioluminescence, and should
provide new insight into the design of high-performance chemilu-
minescence compounds.
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