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ABSTRACT: Three tricyclic 1,2-dioxetane derivatives, 1a, 2a and 3a were synthesized from their corresponding 1,4-dioxin
acenaphthylene compounds, 1, 2 and 3, by reaction with singlet-oxygen (1O2) in dichloromethane. Evidence for the formation
of the dioxetanes 1a, 2a and 3a is provided by the chemiluminescence (CL) that corresponds to the emission from the elec-
tronically excited diesters 1b*, 2b* and 3b*, which are decomposed thermally from the dioxetanes 1a, 2a and 3a, respectively.
The highly strained 1,2-dioxetane ring decomposes from a twisted geometry by simultaneous cleavages of the O–O and C–C
bonds, producing the electronically excited diester that emits CL. It was observed that the CL from compound 2a is
red-shifted relative to that of compounds 1a and 3a suggesting a higher degree of stabilization for the excited state by
the electron-donating methoxy group. Also, a study of the solvent effect on fluorescence shows a significant red-shift in
compound 2b, indicating a more polar excited state. The kinetics of the thermal decomposition of the 1,2-dioxetanes clearly
demonstrate that the CL characteristics of compound 2a are quite different from those of compounds, 1a and 3a. These
results are consistent with the proposed intramolecular chemically initiated electron exchange luminescence (CIEEL) mecha-
nism which is triggered by the electron-donating group of compound 2a. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction
The phenomenon of firefly bioluminescence (1,2) has led to the
theoretical (3,4) and practical (5–7) study of the chemilumines-
cence (CL) of 1,2-dioxetanes and has been of interest to chemists
for a long time. High-energy 1,2-dioxetanemolecules are the focus
of many investigations because of their unique ability to decom-
pose thermally into electronically excited carbonyl products.
Although 1,2-dioxetanes have been postulated as reaction inter-
mediates for over 100 years, charge transfer (CT)/electron transfer
(ET) and electron back-transfer (EBT) have been suggested as a
chemically initiated electron exchange luminescence (CIEEL)
mechanism for CL, but the details of the mechanism have not
yet been fully clarified (8). It is likely that the effect of structural
changes will help to elucidate the still-debated mechanism of this
reaction. In general [2+ 2] cycloaddition of singlet-oxygen with
electron-rich alkenes is the most convenient method for the
synthesis of 1,2-dioxetanes (9).

The key concept of the intramolecular CIEEL mechanism is
that thermal decomposition of 1,2-dioxetane proceeds through
a twisted diradical transition state that yields intramolecular
radical ion intermediates. Subsequent exothermic EBT annihila-
tion leads to an excited state and CL (10–15). For example, the
intramolecular CIEEL mechanism of the dioxetane substituted
with the electron-donating moiety [p-(dimethylamino)phenyl]
is illustrated, where CT from the electron-donating moiety to
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the O–O bond of the dioxetane promotes decomposition of the
dioxetane into the excited ester (see SchemeS1 1) (16).

The CL from ozonization and singlet-oxygen oxidation of the
unsubstituted tricyclic 1,4-dioxin acenaphthylene compound 1
was reported several years ago from our laboratory (17). In
continuation of this work, 5-methoxy-substituted 1,4-dioxin com-
pound 2 and 5-chloro-substituted 1,4-dioxin compound 3 were
synthesized to study the substituent effects on the decomposi-
tion of dioxetanes. We report herein the CL of the rigid tricyclic
aromatic dioxetanes compounds, 1a, 2a and 3a, with different
functional groups (�H, –OCH3 and –Cl) to assess the influence
on the intramolecular CIEEL mechanism of 1,2-dioxetanes.

Experimental

Materials

1,4-Dioxinacenaphthylene, compounds1–3. Acenaphthenequinone
(ANQ) was obtained from AldrichQ1 . 5–Nitro ANQ was synthesized
from ANQ and sodium nitrate in concentrated sulfuric acid by
refluxing the reaction mixture for 2 h. 5-Methoxy ANQ was
synthesized from purified 5-nitro ANQ and potassium hydroxide in
methanol by refluxing the reaction mixture for 2 h (18). 5-Chloro
ANQ was synthesized from ANQ and N-chlorosuccinimide (NCS) in
concentrated sulfuric acid by refluxing the reaction mixture for 2 h
(SchemeS2 2A). Compounds 1–3 were synthesized by the
photo-cycloaddition reaction of ANQ with tetramethylethylene
(TME) in benzene (Scheme 2B) (19).

Tricyclic 1,2-dioxetane compounds 1a–3a. Singlet-oxygen
oxidation of the 1,4-dioxin compounds 1–3 to produce the tricy-
clic 1,2-dioxetane compounds 1a–3a was carried out by using
the ozone-triphenyl phosphite procedure (5). The triphenyl
phosphite ozonide, (PhO)3PO3, was prepared by passing extra
pure oxygen through a commercial Fischer Model 501 ozonizer
and bubbling the effluent into a solution of the phosphite in
the range of 195–223 K (dry ice/acetone bath). The solution
was saturated with ozone for ~ 2 h, and the temperature was
kept within the range of 238–253 K for ~ 30 min to undergo
singlet-oxygen oxidation of the 1,4-dioxin compounds.
Dioxetane adducts 1a–3a were isolated by ice-chilled n-hexane
extraction from low-temperature synthesis of ozonized triphenyl
phosphite [Scheme 2C (1)].

Naphthalene diester compounds 1b–3b. Two methods were uti-
lized for the synthesis of the naphthalene diester compounds
1b–3b. The first method involved the thermal decomposition
of the compounds 1a–3a to the naphthalene diester com-
pounds 1b–3b [Scheme 2C (1)]. The second procedure was the
irradiation of compounds 1–3 in dichloromethane solution in
the presence of the photosensitizer (methylene blue) under an
oxygen atmosphere [Scheme 2C (2)]. The 1H-NMR, IRQ2 and MSQ3

spectral data for the naphthalene diester compounds 1b–3b
are shown below.

Compound 1b: 1H-NMR (200 MHz, CDCl3): 7.99–7.95 (d, 2H,
Ar–H, J=8 Hz), 7.90–7.86 (d, 2H, Ar–H, J= 8 Hz), 7.56–7.48

(t, 2H, Ar–H, J= 8 Hz), 1.74 (s, 12H, 4CH3), FT-IR (KBr, cm-1):
2922, 1725, 1693, 1579, 1280, SIMS m/z 298 [M].

Compound 2b: 1H-NMR (200 MHz, CDCl3): 8.46–8.42 (d, 1H,
Ar–H, J= 8 Hz), 7.95–7.91 (d, 1H, Ar–H, J=8 Hz), 7.83–7.79
(d, 1H, Ar–H, J=8 Hz), 7.52–7.44 (t, 1H, Ar–H, J= 8 Hz), 6.87–
6.83 (d, 1H, Ar–H, J= 8 Hz), 4.03 (s, 3H, OCH3), 1.75 (s, 6H,
2CH3), 1.68 (s, 6H, 2CH3), FT-IR (KBr, cm-1): 2935, 1718, 1583,
1242, SIMS m/z 328 [M].

Compound 3b: 1H-NMR (200 MHz, CDCl3): 8.51–8.47 (d, 1H,
Ar–H, J= 8 Hz), 7.93–7.89 (d, 1H, Ar–H, J=8 Hz), 7.81–7.77
(d, 1H, Ar–H, J=8 Hz), 7.67–7.60 (m, 2H, Ar–H), 1.74 (s, 6H,
2CH3), 1.70 (s, 6H, 2CH3), FT-IR (KBr, cm-1): 3005, 1734, 1687,
1570, 1283, SIMS m/z 332 [M].

Measurements

The absorption spectra were measured on a Hewlett-Packard
diode array spectrophotometer. The steady-state emission
spectra were obtained using a Cary Eclipsed Spectrofluorimeter
equipped with a temperature controller. The absorption and
emission experiments were performed with prepared solutions
containing 1.0 × 10-4 M of diesters in dichloromethane. For the
temperature-dependent kinetic measurements, the temperature
of the sample solution was controlled to within ± 0.5 K using an
electronically thermostatting single cell and monitored with
thermocouples attached to the cell.

Results and discussion
The isolated dioxetane compounds 1a, 2a and 3a were formed
by reacting compounds 1, 2 and 3, respectively, with singlet-ox-
ygen (1O2) in dichloromethane at 238 K and decomposed
thermally into electronically excited diesters 1b*, 2b* and 3b*,
which then fluoresced to their corresponding ground state
configurations 1b, 2b and 3b. Experimental evidence shows that
the CL spectral peaks of compounds 1a–3a are consistent with
that of the photoluminescence spectral peaks of the photoex-
cited compounds 1b–3b. Figure F11 shows the UV/Vis absorption
and photoluminescence spectra of compounds 1b–3b, and the
CL spectra of compounds 1a–3a in dichloromethane. Therein,
the CL and photoluminescence peaking at λmax are normalized
with the same relative intensity. It shows that the CL spectral
peaks of the dioxetanes are consistent with those of the
photoluminescence spectral peaks of the photoexcited diesters,
respectively.

The CL peak of dioxetane compound 2a at 430 nm shows an
obvious red-shift in comparison with compounds 1a (375 nm)
and 3a (378 nm). Presumably, the methoxy group of compound
2a can donate electrons to the naphthalene ring and extend the
conjugation of electrons, causing the obvious red-shift of CL.

Additional experimental evidence was obtained by examining
the solvent effect on the photoluminescence of diesters 1b–3b.
Normalized fluorescence spectra of diesters 1b–3b in differ-
ent polar solvents are shown in Fig. F22. All the emissions from
(π, π*) excited states are seen in the three diesters, however,
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the fluorescence spectrum of compound 2b shows a notice-
able dependence on the solvent polarity. By increasing
solvent polarity from benzene to acetonitrile, the fluores-
cence peak of compound 2b is red-shifted from 420 to 455
nm. Diesters 1b and 3b show emission peaks at 375 and
378 nm in benzene, and do not display a substantial shift
with increasing solvent polarity. We can conclude, therefore,

that this long-wavelength fluorescence band of compound
2b has a prominent characteristics CT which is stabilized in
polar solvent.
From Figs 1 and 2, it can be concluded that the CL as well as

the photoluminescence originate from the singlet excited state,
which should be a 1(π*→ π) state. In addition, the experimental
results indicate that the electron-donating methoxy group

MeOH
KOH

OO

OCH3

OO

NO 2

H2SO4

NaNO3

5-methoxy ANQ5-nitro ANQ

O O

Cl

N

O

O

Cl

5-chloro ANQ

H2SO4

O O

X

irradiation

OO

X

benzene

1 : X=H
2 : X=OCH3

3 : X=Cl

TME

O O

ANQ

X=H
X=OCH3

X=Cl

Part A

Part B

Part C

OO

O O

X

1O2

X

OO

1 2

3

4
56

7

8

Compound 1~3

(2)

(1)

OO
OO

X

O2 / methylene blue

OO

OO

X

irradiation

Compound 1b~3bCompound 1a~3a

Compound 1b~3b

238-253 K 1O2(PhO)3PO(PhO)3PO3O3(PhO)3P
195-223 K

Scheme 2. ▪▪

Substituent effects on the decomposition of dioxetanes

Luminescence 2013 Copyright © 2013 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence

3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

johnsun
刪劃線

johnsun
取代文字
Synthesis of compounds 1-3, 1a-3a and 1b-3b.



present at the 5-position is able to stabilize the singlet excited
state of the 1,2-dioxetane decomposition products. In the
chemiexcitation processes, when both the O–O and C–C bonds
are cleaved simultaneously, the electron-donating group
(�OCH3) at the 5-position can interact through the π electrons
of the naphthalene ring to stabilize the singlet excited state
1(π*→ π). Hence, the CL emission of this tricyclic aromatic
dioxetane highly depends on substitution on the 5-position of
the naphthalene structure or polarity of solvent system. These
observations, together with the CL spectra are consistent with
an intramolecular CIEEL decomposition initiated by CT from
the electron-donating group of compound 2a, followed by EBT
to produce the excited diester. Compounds 1a and 3a indicate
that the CIEEL mechanism is not operating prominently and they
are decomposed thermally without involvement of CT or ET.

The rate constants for the decomposition of compounds
1a–3a were obtained at 313–353 K by measuring the decay
of the CL intensity. The CL decay of compounds 1a–3a was
monitored at the maximum value of the CL in dichloromethane
(compound 1a-λCL,max, 375 nm; compound 2a-λCL,max, 430 nm;
compound 3a-λCL,max, 378 nm). FigureF3 3 shows the time course

of the CL emission intensity at 430 nm upon thermal decompo-
sition of compound 2a, measured at different temperatures
(313–353 K).

According to the transition state theory, the overall
mechanism for the decomposition of the tricyclic 1,2-dioxetane
compound can be presented as eqn (1).

B⇄
k1

k:1
X‡→C�→C (1)

where B = tricyclic 1,2-dioxetane compound, X‡= the activated
complex and C* = excited intramolecular naphthalene diester
compound. The Eyring equation (eqn 2) can be obtained by
transition state theory (20).

ln
k
T
¼ ln

R
NAh

þ ΔS
R

‡� �
-
ΔH
RT

‡

(2)

where NA =Avogadro’s constant and h=Planck’s constant
The activation parameters of dioxetanes 1a–3a were obtained

from the temperature dependence of the CL decomposition rate
constants. The CL activation parameters were obtained by
plotting ln(k/T) vs 1/T in the Eyring plots, as shown in Fig. F44.
The kinetics of the thermal decomposition of the 1,2-dioxetanes
studied at 313–353 K reveal a significantly lower value for the
activation enthalpy (ΔH‡) of 2a.

Figure 1. UV/Vis absorption, photoluminescence spectra of compounds 1b–3b,
and CL spectra of compounds 1a–3a in dichloromethane.
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Figure 2. Photoluminescence spectral peaks of compounds 1b–3b in going from
nonpolar to polar solvents.
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Figure 3. CL thermal decay of compound 2a at different temperatures, moni-
tored at 430 nm.
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Figure 4. Eyring plots of the CL kinetics of compounds 1a–3a.
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TableT1 1 shows the activation parameters and rates of decom-
position for 1,2-dioxetanes 1a–3a. TheΔH‡ value of compound
2a is significantly lower than those values for compounds 1a
and 3a. The rate constants obtained for compound 2a is ~ 4–5
times faster than that of 1a, and 3a at 298 K. The activation
parameters of the unsubstituted compound 1a and the chloro-
substituted compound 3a show similar thermal stability at room
temperature, with a Gibbs’ activation energy (ΔG‡) that differed
by only ~ 0.1 kcal/mol. However, the methoxy-substituted com-
pound 2a has a ΔG‡value of 22.6 kcal/mol at 25°C corresponding
to a τ1/2 value of ~ 1.13 h, and shows a much lower thermal sta-
bility than compounds 1a and 3a. These results obtained upon
intramolecular decomposition of dioxtanes clearly demonstrate
that the CL characteristics of compound 2a are quite different
from those of compounds 1a and 3a. The more negative activa-
tion entropy (ΔS‡) for compound 2a, which compensates for the
surprisingly low value of ΔH‡, can be understood by the need for
a specific conformation for the CT from the methoxy group of
the naphthalene ring to the O–O bond of the dioxetane, which
promotes decomposition of the dioxetane into two radicals
confined within a solvent cage. Subsequent EBT annihilation
between the radicals releases enough energy to excite the naph-
thalene emitter to its singlet excited state. These results are
consistent with the intramolecular CIEEL mechanism in which
the electron-donating methoxy group promotes O–O bond
cleavage by resonance interaction through the π electrons of
the naphthalene moiety. The intramolecular CIEEL mechanism
is triggered by the increasing electron-donating ability, with
subsequent EBT annihilation leading to an excited state diester
and luminescence to the ground state (SchemeS3 3).

Conclusions
We have shown that the 1,2-dioxetane-based CL color is
modulated by a dioxetane bearing a substituted-naphthalene
group. The color of the CL emission from compound 2a is just
different due to the different fluorescence spectrum of the
thermodynamic decomposition product 2b, caused by the stabi-
lization effect of the methoxy group. The change of substituent
on the naphthalene emitter causes a change in the color of the
dioxetane-based CL, and also affects the decomposition reaction

activation enthalpies of the dioxetanes. The chemiexcitation
process of the intramolecular CIEEL decay was rationalized
and described as being mainly due to a particular form
of electron-donating substituent at the 5-position of
acenaphtho moiety. Further investigation of present and the
other aspects of the intramolecular CIEEL mechanism are
underway in our laboratory.
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Author Query Form

Journal: Luminescence

Article: bio_2568

Dear Author,

During the copyediting of your paper, the following queries arose. Please respond to these by annotating your proofs with the
necessary changes/additions.
• If you intend to annotate your proof electronically, please refer to the E-annotation guidelines.
• If you intend to annotate your proof by means of hard-copy mark-up, please refer to the proof mark-up symbols guidelines.
If manually writing corrections on your proof and returning it by fax, do not write too close to the edge of the paper. Please
remember that illegible mark-ups may delay publication.

Whether you opt for hard-copy or electronic annotation of your proofs, we recommend that you provide additional clarifica-
tion of answers to queries by entering your answers on the query sheet, in addition to the text mark-up.

Query No. Query Remark

Q1 AUTHOR: Please give city, state if USA, and country for suppliers at first mention in
the text.

Q2 AUTHOR: Please define IR.

Q3 AUTHOR: Please define MS.

Q4 AUTHOR: Please provide caption for scheme 1, 2 and 3.

user
註解
Sigma-Aldrich Company(Taiwan agent)

user
註解
Infrared (IR)

user
註解
Mass spectrometry (MS)

user
註解
Scheme 1. The intramolecular CIEEL mechanism of the dioxetane.
Scheme 2. Synthesis of compounds 1-3, 1a-3a and 1b-3b.
Scheme 3. The intramolecular CIEEL mechanism of the compound 2a.




 

USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION  

 
Required software to e-Annotate PDFs: Adobe Acrobat Professional or Adobe Reader (version 7.0 or 
above). (Note that this document uses screenshots from Adobe Reader X) 
The latest version of Acrobat Reader can be downloaded for free at: http://get.adobe.com/uk/reader/ 
 

Once you have Acrobat Reader open on your computer, click on the Comment tab at the right of the toolbar:  

 

 
 
 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Replace (Ins) Tool – for replacing text. 

 

Strikes a line through text and opens up a text 
box where replacement text can be entered. 

How to use it 

 Highlight a word or sentence. 

 Click on the Replace (Ins) icon in the Annotations 
section. 

 Type the replacement text into the blue box that 
appears. 

This will open up a panel down the right side of the document. The majority of 
tools you will use for annotating your proof will be in the Annotations section, 
pictured opposite. We’ve picked out some of these tools below: 

2. Strikethrough (Del) Tool – for deleting text. 

 

Strikes a red line through text that is to be 
deleted. 

How to use it 

 Highlight a word or sentence. 

 Click on the Strikethrough (Del) icon in the 
Annotations section. 

 

 

3. Add note to text Tool – for highlighting a section 
to be changed to bold or italic. 

 

Highlights text in yellow and opens up a text 
box where comments can be entered. 

How to use it 

 Highlight the relevant section of text. 

 Click on the Add note to text icon in the 
Annotations section. 

 Type instruction on what should be changed 
regarding the text into the yellow box that 
appears. 

4. Add sticky note Tool – for making notes at 
specific points in the text. 

 

Marks a point in the proof where a comment 
needs to be highlighted. 

How to use it 

 Click on the Add sticky note icon in the 
Annotations section. 

 Click at the point in the proof where the comment 
should be inserted. 

 Type the comment into the yellow box that 
appears. 
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool – for inserting large amounts of 
text or replacement figures. 

 

Inserts an icon linking to the attached file in the 
appropriate pace in the text. 

How to use it 

 Click on the Attach File icon in the Annotations 
section. 

 Click on the proof to where you’d like the attached 
file to be linked. 

 Select the file to be attached from your computer 
or network. 

 Select the colour and type of icon that will appear 
in the proof. Click OK. 

6. Add stamp Tool – for approving a proof if no 
corrections are required. 

 

Inserts a selected stamp onto an appropriate 
place in the proof. 

How to use it 

 Click on the Add stamp icon in the Annotations 
section. 

 Select the stamp you want to use. (The Approved 
stamp is usually available directly in the menu that 
appears). 

 Click on the proof where you’d like the stamp to 
appear. (Where a proof is to be approved as it is, 
this would normally be on the first page). 

7. Drawing Markups Tools – for drawing shapes, lines and freeform 
annotations on proofs and commenting on these marks. 

Allows shapes, lines and freeform annotations to be drawn on proofs and for 
comment to be made on these marks.. 

How to use it 

 Click on one of the shapes in the Drawing 
Markups section. 

 Click on the proof at the relevant point and 
draw the selected shape with the cursor. 

 To add a comment to the drawn shape, 
move the cursor over the shape until an 
arrowhead appears. 

 Double click on the shape and type any 
text in the red box that appears. 




