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Study on the Oxidizing Chemiluminescence of Luminlos,Oxalates and Aromatic Dioxenes
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Three chemiluminescent systems are reviewed in this thesis. Part one is the chemiluminescence of the
oxalate system. Analyze the contents of the Cyalume light sticks, and study on the chemiluminescence of the
phenyl oxalate system whose para-position of the benzene ring is substituted by a serious of substituents. Part
two is the chemiluminescence of the luminol system. Study on the energy transition between luminol and
fluorescent agents (DPA, DBA, BPEA, and BPEAg,). The major focused on in this review (Part three) is the
chemiluminescence of the tricyclic dioxetane system. Study on the ozonization of the 3 fluorescent compounds
(naphthalene A, biphenyl B, and anthrathene C), and the properties of the concomitant chemiluminescence.
Results show the compound A and C which emit the chemiluminescence, but the compound B doesn’t. The
compound A is oxidized by reaction with singlet-oxygen (*O,) in dichloromethane. Evidence for formation of the
dioxetane compound is the chemiluminescence spectra that correspond to emission from the electronically
excited diester compound, the expected products from thermal decomposition of the dioxetane.
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1,2-Dioxetane tricyclic compound 1a and 5-halo substituted of 1,2-dioxetane tricyclic compounds (2a, 3a) were synthesized from 1,4- |
dioxin acenaphthylene compound 1 and 5-halo substituted 1,4-dioxin acenaphthylene compounds (2, 3), by reacting with singlet-oxygen |
('O,) at 238 K and their chemiluminescent efficiency both in fluorescence and phosphorescence was studied while upon heating to
temperatures between 313-353 K in dichloromethane. The chemiluminescent phosphorescence (CP) can be detected along with the |
chemiluminescent fluorescence (CF) when compounds (2a, 3a) are decomposed thermally to the corresponding naphthalene diesters (2b, |
3b). Experimental evidences for formation of the dioxetanes 1a, 2a and 3a are the observed chemiluminescence spectra which are |
consistent with the photoluminescence spectra of the excited compounds (1b-3b). Temperature-dependent kinetic measurements reveal |
an increase of room temperature chemiluminescent phosphorescence (RTCP) efficiency from triplet chemiexcitation processes due to the
internal heavy atom effect of compound 3a. :
|

Key Words: Chemiluminescence, Fluorescence, Phosphorescence, Dioxetane, Heavy atom effect.

INTRODUCTION structure, the C-O-O-C is a twisted four-membered ring per-
oxide with high strain energy, which liberates much energy
during thermal decomposition into two excited carbonyl frag-
ments (singlet and triplet excited acetone) and then return to
the ground state by chemiluminescence (Scheme-I)'">.

The molecular structure of TMDO was used as a base
template to design and synthesize compounds (1a-3a). The
structure of the 1,2-dioxetane tricyclic compounds (1a-3a) are
comprised of three parts. These are the 1,2-dioxetane ring
(main structure), the electron-donor dialkoxy activator
(tetramethyl 1,4-dioxin ring) on one side and the lumiphor (5-

Photoluminescence is a type of optical spectroscopy in
which a photoluminescent molecule is promoted to an elec-
tronically excited state by absorption of incident radiation.
Chemiluminescence is a type of optical spectroscopy in which
a chemiluminescent molecule is generated to an electronically
excited state by chemiexcitation reactions. There are few re-
ports about the room temperature chemiluminescent fluores-
cence and phosphorescence. For example, room temperature
luminescence is rarely observed from the thermal decomposi-
tion of the simple 1,2-dioxetanes which produce excited car- i ) )
bonyl compounds. The energy in the form of light is released heavy atom substituted acenaphtho moiety) on the other side
from 1,2-dioxetanes due to a chemiexcitation reaction during (Scheme-II). The chloro- and bromo- substituents on the
thermal decomposition. A simple example is the thermal de- ~ lumiphor are incorporated to study the internal heavy atom
composition of tetramethyl dioxetane (TMDO). In the TMDO effect, which is an important factor for the room temperature

+
\(‘)7(‘)/ A E /< Q" n o * Q + fluorescence
- |||2=H| —_— e hV’ i
/S 5 C\ 6 /U\ )k /U\ phosphorescence
TMDO ( s, ) < T, > < So >
Acetone Acetone
Scheme-1
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Scheme-II

chemiluminescent phosphorescence (RTCP) detection of
chemiluminescent molecule by experimental measurements.

It is well known that the 1,2-dioxetane ring with its high
strain energy undergoes simultaneous cleavage of both the O-
O and C-C bonds during thermal decomposition into two ex-
cited intramolecular carbonyl fragments (singlet and triplet
excited intramolecular naphthalene diester compounds 1b*-
3b*), which return to the ground state by chemiluminescent
fluorescence (CF) and chemiluminescent phosphorescence
(CP), respectively®”

While it is difficult to detect the RTP from compounds
(1b-3b) under nondegassed condition, because of quenching
by triplet-oxygen (*0.), the RTCP is detected more easily, be-
cause the RTCP emission derives from the chemiexcitation
reactions of 1,2-dioxetanes. It is well known that the internal
heavy atom effect can enhance the phosphorescence. This pa-
per describes the RTCP of 1,2-dioxetane tricyclic compound
with a 5-heavy atom substituent in the acenaphtho moiety.

EXPERIMENTAL

1,4-Dioxin acenaphthylene, compounds (1-3):
Acenaphthenequinone (ANQ) was obtained from Aldrich. The
5-chloro ANQ was synthesized from ANQ and N-
chlorosuccinimide (NCS) in concentrated sulfuric acid. The
reaction mixture was refluxed for 2 h. The 5-bromo ANQ was
synthesized from ANQ and bromine liquid. The reaction mix-
ture was refluxed for 2 h'®"" (Scheme-III part A). The com-
pounds (1-3) were synthesized by the photo-cycloaddition
reaction of acenaphthenequinone (ANQ) with
tetramethylethylene (TME) in benzene'? (Scheme-I1I part B).

1,2-Dioxetane tricyclic compounds (1a-3a): Singlet-
oxygen oxidation of the 1,4-dioxin compounds (1-3) to pro-
duce the 1,2-dioxetane tricyclic compounds (1a-3a) was car-
ried out using the ozone-triphenyl phosphite procedure given
inref.®. Dioxetane adducts (1a-3a) were isolated by ice-chilled
n-hexane extraction from the low temperature synthesis of 0zo-
nized triphenyl phosphite (Scheme-III part C(1)).

Naphthalene diester compounds (1b-3b): There are two
methods to synthesize the naphthalene diester compounds (1b-
3b). (1) The compounds (1a-3a) were decomposed thermally
to the naphthalene diester compounds (1b-3b) (Scheme-III
part C(1)). (2) The compounds (1-3) in benzene solution were
irradiated in the presence of photosensitizer methylene blue
and purged oxygen (Scheme-III part C(2)).

o o 0

Part A
art N QN Y O.O

AOT

&‘ 5-chioro ANQ
L
%
5-bromo ANQ
Part B >
[¢] (o) o) 0
irradiation B
S 0.0
benzene
X X
ANQ : X=H TME 1(H) :X=H .
5-choro ANQ : X=C1 2(Cl) :X=Cl
5-bromo ANQ : X=Br 3(Br) : X=Br
Compound 1~3
Part C
<238K
(phO)3P + O3 —— (ph0)sPO3 — (phO)zPO + 02
CH,Ch,

?—é

238K
O
313K~353K
CHCh

Compound 1b~3b

O 4 hv

Tt

o o 238K

i CHLChL

‘O Compo und la~3a

¥ @ 02/ methylere blue
irrad iation %_é

o 0

Compound 1b~3b
Scheme-II1

Measurements: The UV/VIS absorption spectra were
measured on a Hewlett-Packard diode array spectrophotom-
eter. The steady-state emission spectra were obtained using a
Cary Eclipsed Spectrofluorimeter equipped with a tempera-
ture controller. Luminescence lifetimes were measured by a
microsecond flash lamp Luminescence Spectrofluorimeter
(Cary Eclipse) in a temperature range of 313-353 K. For the
temperature-dependent kinetic measurements, the temperature
of the sample solution were controlled to within £+ 0.5 K with
an electronically thermostatting single cell and monitored with
thermocouples attached to the cell. The room temperature
chemiluminescent fluorescence (RTCF) and the RTCP ther-
mal decay of the compounds (1a-3a) were determined using
a photomultiplier tube.

RESULTS AND DISCUSSION

The isolated compounds (1a-3a) were formed by react-
ing compounds (1-3) with singlet-oxygen ('O,) in
dichloromethane at 238 K. Thermal decomposition of the 1,2-
dioxetanes produce the electronically excited diesters (1b*-
3b*) that decayed by chemiluminescent fluorescence or chemi-
luminescent phosphorescednce to the ground state compounds
(1b-3b). To avoid triplet-oxygen (*0,) quenching of the trip-
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Q © Q O d o o 0
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313K~353K O phosphorescence
la :X=H X x | L x J 1bixH X
2b : X=Cl
2a :X=Cl (S ) (T ) D X=Cl (s,
3a: X=Br 3b : X=Br
Compound la~3a Compound lb.~ 3&' Compound 1b~3b
Scheme-1V

let excited states, we used the freeze-pump-thaw method to
degas solutions where the compounds (1b-3b) are dissolved.
Experimental evidences show that the chemiluminescence
spectral peaks of the compounds (1a-3a) are consistent with
that of the photoluminescence spectral peaks of the
photoexcited nondegassed and degassed compounds (1b-3b).
These spectroscopic observations suggest that the compounds
(1a-3a) thermally decomposed to the excited state of the com-
pounds (1b*-3b%*), with subsequent radiative decay to the
ground state of the compounds (1b-3b). These processes are
showed in Scheme-IV.

As an example, the UV/VIS absorption and photolumi-
nescence spectra of the compound 3b and the chemilumines-
cence spectrum of the compound 3a in dichloromethane are
shown in Fig. 1. To compare the three spectra (chemilumines-
cence, nondegassed and degassed photoluminescence) con-
veniently, the chemiluminescence and photoluminescence
spectral peaks at An, are normalized to same relative inten-
sity. The experimental results show that the RTCF spectral
peak of the compound 3a at 378 nm is consistent with that of
the photoluminescence spectral peaks of the photoexcited
nondegassed and degassed compound 3b. The RTCP spectral
peak of the compound 3a at 560 nm is consistent with that of
the photoluminescence spectral peak of the photoexcited de-
gassed compound 3b. The photoluminescence spectral peak
at 560 nm of the photoexcited nondegassed compound 3b is
not observed due to quenching of the triplet states by triplet-
oxygen (*0,). The lifetimes of the two peaks in the chemilu-
minescence spectrum of the compound 3a were measured by
monitoring the decays at fixed wavelength. The experimental
results show the fluorescence and phosphorescence decay life-
times of the degassed compound 3b in dichloromethane are
5.3 and 80 ps, respectively. The chemiluminescence spectral
peaks are composed of CF and CP (Fig. 1).

We observed quite different RTCP spectra relative inten-
sity between the nondegassed compounds la(H)-2a(Cl)-
3a(Br). It is known that the rate of a spin-forbidden process is
enhanced by the presence of an atom of high atomic number.
This factor is observed with the RTCP. The 5-heavy atom sub-
stituted acenaphtho moiety of 1,2-dioxetanes shows enhanced
nonradiative intersystem crossing from the lowest triplet state,
resulting in an increase in the intensity of the phosphores-
cence. This increase of the RTCP spectra relative intensity from
triplet excited state due to the internal heavy atom substituted
is H < Cl << Br (Fig. 2).

= UV/Vis absorption
photoluminescence
= photoluminescence (degassed)
378 nm chemiluminescence
- 400

310 nm
14
560 nm
0 -0

- 200

Relative Intensity (R.I.)

Absorbance (AU)

T T
200 400 600

Wavelength (nm)
Fig. 1. UV/VIS absorption, photoluminescence spectra of the photoexcited
compound 3b and the RTCF and RTCP spectra of the compound

3a at 343 K in dichloromethane

378 nm

400 —H

200 —+

Relative Intensity (R.l.)

200 400 600

Wavelength (nm)

Fig. 2. Chemiluminescence of the compound 1a(H)-2a(Cl)-3a(Br) at 343
K in dichloromethane

The photoluminescence spectral peaks of the photoexcited
compounds (1b-3b) are little shifted toward longer wave-
lengths as the solvent is changed from the less polar
dichloromethane to more polar acetonitrile. The RTCF and
RTCP derive from singlet and triplet *1—T states. An exter-
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nal heavy atom effect was observed with compound 3b in going
from benzene to dichloromethane (Fig. 3). The intensity of
phosphorescence of compound 3b which dissolved in
dichloromethane is higher than that dissolved in benzene. The
ratio (RIxseo nm/RIzs7s nm) Of the degassed compound 3b in ben-
zene solvent is 0.10, while this ratio increases to 0.17 in
dichloromethane solvent.

378 nm

photoluminescence of degassed 3b(Br)/CSH 6
400 4
= photoluminescence of degassed 3b(Br)/CH20| 5

chemiluminescence of 3a(Br)/CH20I 5

200 +

Relative Intensity (R .l.)

T T T T T T 1
300 400 500 600 700

Wavelength (nm)

Fig. 3. Photoluminescence spectral peaks of the compound 3b

The rate constants for the decomposition of the compound
3a was obtained at 10 K increments between 313-353 K by
measuring the decay of the chemiluminescence intensity at
the maximum wavelength of the chemiluminescence in
dichloromethane (Acr, max: 378 M, Acpmax: 560 nm). Fig. 4 show
the CF and the CP thermal decays of the compound 3a at 343
K, monitored at 378 and 560 nm, respectively.

400 o

monitored at 378 nm
monitored at 560 nm

200

Relative Intensity (R.l.)

Decay Time(min)

Fig. 4. CF and CP decay of the compound 3a at 343 K

The overall CL mechanism of the 1,2-dioxetane tricyclic
compound 3a can be presented as eqn. 1.

B--X'—C"—C (1)

where B = 1,2-dioxetane tricyclic compound 3a; X* = the ac-

tivated complex; C* = excited intramolecular diester compound
3b*.

From the Boltzmann distribution eqn. 2

)
kgT ) | rRT
k = B c 2
where kg = the Boltzmann constant; h = Planck’s constant,
AG* = the activation free energy of the transition state; R = the
gas constant and the Gibbs free energy eqn. 3

AG* = AH* —~TAS* 3)
where AH* = the activation enthalpy of the transition state;
AS* = the activation entropy of the transition state, is obtained

by the Eyring eqn. 4 using transition-state theory'*".
k R  AS*| AH*
In—=|1n + - (4)
T | Ns,ii R ) RT

where N, = Avogadro’s constant; h = Planck’s constant.
This equation relates In (k/T) and (1/T) as a linear func-
tion. A plot of In (k/T) versus (1/T) gives a straight line with
slope (-AH?*/R) from which the activation enthalpy of the tran-
sition state may be derived. The CF and CP decays from 1,2-
dioxetane 3a was analyzed by eqn. 4. There are two slopes

AH ginglet AH iTriplet
R || R

to the CF decay of compound 3a at 378 nm and the CP decay
of compound 3a at 560 nm, respectively, as shown in Fig. 5.
The activation parameters and rates of decomposition for com-
pound 3a calculated with eqn. 2 are listed in Table-1.

of the Eyring plots corresponding

10 A~

=== CP decay
= CF decay

Ln (k/T)

0.0028 0.0030 0.0032

1T (1/K)
Fig. 5. Eyring plots of the chemiluminescence kinetics of compound 3a

TABLE-1
ACTIVATION PARAMETERS AND RATES OF
DECOMPOSITION FOR COMPOUND 3a

) AH' ASF AG#(25°C) ks °C
(kcal/mol)  (kcal/mol)  (cal/mol K)  (kcal/mol) ")
378 (75.7) 22 -5.1 237 2.44x10°
560 (51.1) 152 -265 23.1 7.6x10°

The results show that there are two transition excited en-
ergy states in the chemiexcitation processes: (1) The transi-
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tion singlet excited state activation enthalpy (AHéinglet ). (2)
The transition triplet excited state activation enthalpy

(AH;TmPle[). The singlet excited state activation enthalpy

(AH ﬁmgm ) of compound 3a has been determined experimen-
tally to be 22.2 kcal/mol. The triplet excited state activation

enthalpy (AHTfn-plet) of compound 3a has been determined

experimentally to be 15.2 kcal/mol. The different activation
enthalpies show the CP and CF arise by competing path in the
decomposition of the dioxetane and the lower enthalpy of ac-
tivation results from the lower enthalpy (greater stability) of
the lower lying triplet state. The rate constant of the triplet
state obtained at 298 K is also higher than that of the singlet
state. The different activation enthalpies and different rate con-
stants seem to be a reasonable explanation that the triplet state
is not formed by way of the singlet state and the
chemiexcitation processes favour the pathway for the forma-
tion of the CP.

The rate of a spin-forbidden process is enhanced by the
internal presence of bromo-substituent, result the increase of
the relative intensity of the RTCP of compound 3a. The en-
hancement of the phosphorescence of compound 3b is also
observed by the external heavy atom solvent. The calculations
of the RTCF and the RTCP decay time at variable temperature
obtain the activation parameters for compound 3a. The en-
thalpy (AH®) of reaction for thermal decompositions of typi-
cal dioxetanes have been estimated from thermal chemical cal-
culations from -69 to -90 kcal/mol'®. The energy relationship
diagram of the compound 3a thermal decomposed to com-
pound 3b can be sketched, if we postulate the enthalpy of
reaction for thermal decomposition of compound 3a symbol
for “AH®”. The energy relationship diagram is showed in
Scheme-V.

(S )

Compound 3b°

A Hrripﬁ AHsin h_
O
\ )
Br ~4 Compound 3

(1) singlet chemiexcitation process
(2) triplet chemiexcitation process

75.7 keal/mol
fluorescence 51.1 kealinol

phosphorescencg

(S0 )

Compound 3b

Scheme-V

Conclusion

The unique feature of this work lies in the observed RTCP
of the 5-heavy atom substituted acenaphtho lumiphor. In the
1,2-dioxetane ring of compound 3a which has high strain en-
ergy due to the twisted four-membered ring peroxide struc-
ture (C-O-0-C), both the O-O and C-C bonds are cleaved al-
most simultaneously during thermal decomposition into two
excited pathways: (1) singlet chemiexcitation processes, (2)
triplet chemiexcitation processes. The internal heavy atom
effect of 5-heavy atom substituted is Br >> Cl > H. The tran-

sition triplet excited state activation enthalpy (AH;TmPle[) is
lower than the transition singlet excited state activation en-
thalpy (AHE o) ca. 7 keal/mol (AHE . <AHE ). We

have shown that the 1,2-dioxetane tricyclic compound-based
chemiluminescence especially CP of compound 3a. We con-
tinue to investigate these and other aspects, example as 5-iodo
substituted 1,2-dioxetane tricyclic compound.
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Referee(s)' comments to author

Response to reviewer’s comments

Reviewer: 1

Comments to the Author

This manuscript report the intramolecular
chemically initiated electron exchange
luminescence of tricyclic aromatic
dioxetanes. It is an interesting work, but the
logic of some paragraph is poor and it is
difficult to read. So, this manuscript is not
recommend be accepted for publication in
current situation.

revision list below:

We are very thankful to the reviewer for his valuable

suggestions.

(1) The title of the manuscript may be

revised.

The title of the manuscript was changed to
“Substituent effects on the decomposition of

chemiluminescent tricyclic aromatic dioxetanes”.

(2) The English is not clear and concise.
There are many instances of badly
constructed sentences. E.g. Page 3, line
15-28; Page 6, line 15-26; Page 7, line
17-20.

In the revised manuscript, we modified all the

sentences pointed out by the reviewer, and
highlighted in yellow color.

Page 3, line 15-24: “The CL from ozonization and
singlet oxygen oxidation of the tricyclic 1,4-dioxin
acenaphthylene compound 1 was reported several
years ago from this laboratory[17].Because of the
aforementioned current interests, the molecular
structure of the compound 1 was used as a base
template to design and synthesize 5-methoxy
substituted 1,4-dioxin compound 2 and 5-chloro
substituted 1,4-dioxin compound 3.” was changed to
“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
to this work, the 5-methoxy substituted 1,4-dioxin
compound 2 and 5-chloro substituted 1,4-dioxin
study the

decomposition of

compound 3 were synthesized to

substituent effects on the
dioxetanes.”
Page 6, line 19-26: The figure 1 was updated, and

changed as recommended “Figure 1 shows the




UV/Vis absorption and photoluminescence spectra
of the compounds 1b-3b, and the CL spectra of the
compounds la-3a in dichloromethane. Therein, the
chemiluminescence and photoluminescence peaking
at Amax 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.”

Page 7, line 14-20: Sentence was rewritten as “From
figure 1-2, it can be concluded that the CL as well as
the photoluminescence are originated from the
singlet excited state, which should be a '(n*—)
state. Additionally, the experimental results indicate
that the electron-donating methoxy group present in
the 5-position is able to stabilize the singlet excited

state of the 1,2-dioxetane decomposition products.”

(3) There are many English format and
grammar format mistakes in the
manuscript, such as Page 1, line 29, 34,
44, 47; Page 2, line 28,30,37; Page 6,
line 40,51.

In revised manuscript, suggested formatting errors
as well as grammar mistakes were corrected and
highlighted in yellow color.

The formatted sentences were given below.

Page 1, line 29, 34: “Evidence for formation of the
dioxetanes la, 2a and 3a is the chemiluminescence
that corresponds to the emission from the
electronically excited diesters 1b*, 2b* and 3b*,
which are decomposed thermally from the
dioxetanes la, 2a and 3a, respectively.”

Page 1, line 44, 47: “Also, a study of the solvent
effect on the 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 chemiluminescence
characteristics of the compound 2a is quite different
from that of compounds, 1a and 3a. These results
are consistent with the proposed intramolecular
chemically initiated electron exchange luminescence
(CIEEL) mechanism which is triggered by the

electron-donating group of compound 2a.”
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1:X=H la:X=H 1b:X=H
2 :X=0CH;j 2a: X=0OCHj; 2b : X=OCHj;
3:X=Cl 3a: X=Cl 3b: X=Cl
Compounds 1~3 Compoundsla~3a Compounds 1b~3t

Page 2, line 28,30: “Although 1,2-dioxetanes have
been postulated as reaction intermediates for over
100 years, the 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 has not yet
been fully clarified (8).”

Page 2, line 37: The sentence “The most common
preparation of 1,2-dioxetanes is through the [2+2]
cycloaddition of singlet oxygen with electron-rich
alkenes (9).” rewritten as “In general [2+2]
cycloaddition of singlet-oxygen with electron-rich
alkenes is most convenient method for the synthesis
of 1,2-dioxetanes (9).”

Page 6, line 40: Revised as recommended
“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.”

Page 6, line 51: Revised as recommended
“Additional experimental evidence was obtained by
examining the solvent effect on the
photoluminescence of the diesters 1b-3b. The
normalized fluorescence spectra of diesters 1b-3b in
different polar solvents are shown in figure 2. All
the emissions from (7w, ©*) excited states are seen in
the three diesters, however, the fluorescence
spectrum of compound 2b shows a noticeable

dependence on solvent polarity.”

(4) Some attributions of FT-IR data are

not correct.

We corrected the FT-IR data in the revised
manuscript.

Compound 1b: Page 4, line 30-32: “FT-IR (KBr,
em™): 2922, 1725, 1693, 1579, 1280”

3




Compound 2b: Page 4, line 39-41: “FT-IR (KBr,
cm™): 2935, 1718, 1583, 1242~

Compound 3b: Page 4, line 47-48: FT-IR (KBr,
cm™): 3005, 1734, 1687, 1570, 1283

Supplement of FTIR spectra of compounds 1b-3b as

follows:
pm _“'l' I o
A A1 (I
AR My
LA fl
~ | ey
FTIR spectrum of 1b
- _‘ | ||. | i u‘a[p
I 4
= I "
I \
| |
FTIR spectrum of 2b
: . .__l'-..’"l'\- i
. L
\* " II‘ |.:..I I |Z ,‘
n Y i ”.] ]i‘um
B L
FTIR spectrum of 3b

(5) The UV/Vis absorption and
photoluminescence spectra of the
compound 2a,3a,2b,3b should be
listed.

Both UV/Vis absorption and photoluminescence
spectra of the compound 2a, 3a, 2b, 3b were listed in
the revised manuscript.

Update the figure 1, and erase figure 2. Page 6, line
19-26: Revised as recommended “Figure 1 shows
the UV/Vis absorption and photoluminescence
spectra of the compounds 1b-3b, and the CL spectra
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of the compounds la-3a in dichloromethane.
Therein, the chemiluminescence and
photoluminescence peaking at Ay.x 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.”

Absorbance (AL)

Relative Intensity (R.1.)

Wavelength (nm)

Figure 1. The UV/Vis absorption,
photoluminescence spectra of the
compounds 1b-3b, and the CL spectra of

the compounds 1a-3a in dichloromethane.

(6) The superscript is not correct.

Page 7, line 17,27. Replace “'(*n—m)” with
“l(r* )
Page 10,scheme 3. Update scheme 3, and erase the
double cross “}” and brackets.
*
L 3k

CT EBT
> Op ° % —_

O O
0Ly
O O A I ! annihilation O
OCHj OCH;3 OCH;

compound 2a compound 2b*

Scheme 3

(7) The reference style is not follow the
author guidelines.

1. Fraga H. Firefly Luminescence: a
Historical Perspective and Recent
Developments. Photochemical &
Photobiological Sciences. 2008; 7:
146-158.

In the revised manuscript, we changed the style of

the reference accordingly. E.g. reference 1.

“1. Fraga H. Firefly luminescence: a historical
perspective and recent developments. Photochem &
Photobiol Sci 2008;7:146-58.”




Reviewer: 2

Comments to the Author

The manuscript “Study on the
Intramolecular Chemically Initiated Electron
Exchange Luminescence of Tricyclic
Aromatic Dioxetanes”, submitted by
Chung-Wen Suna, Shun-Chi Chenb,
Tai-Shan Fanga, shows interesting and
important results of a mechanistic study on
the electron transfer induced decomposition
of highly strained and reactive tricyclic
1,2-dioxetane derivatives. In my opinion, the
manuscript is well written, in general and it
can be published in Luminescence, however,
only after considering the corrections and
additions outlined below.

Corrections and suggestions outlined in the

order of appearance in the manuscript:

We are very thankful to the reviewer for his

appreciation.

(1) Page 1: Abstract line 25:
Small language correction: Instead of
“Three 1,2-dioxetane tricyclic
compounds...” I suggest: “Three

tricyclic 1,2-dioxetane derivatives...”

We thank the reviewer for his valuable suggestion.
According to the reviewer suggestion the name of
compound “1,2-dioxetane tricyclic compounds,..”

replaced by “ tricyclic 1,2-dioxetane derivatives”

(2) Page 1: Abstract, line 40: Include
“higher” as indicated in the following
sentence.

“It was observed that the CL from 2a
is red-shifted relative to 1a and 3a
suggesting a higher degree of
stabilization of the excited state by the

electron donating methoxy group.”

We inserted the word “higher” in the sentence and

modified the sentence accordingly.

(3) Page 2: Introduction, line 30:
Instead of “Back electron-transfer
(BET)” I recommend to use “Electron
back-transfer (EBT)”.
The term “Electron back-transfer
(EBT)” is preferable to “Back
electron-transfer (BET)”, although the

latter one has been much utilized in

We agree with reviewers comments. In the revised
manuscript. The suggested correction was
incorporated.

Replace “back electron-transfer (BET)” with
“electron back-transfer (EBT)”.




the pertinent literature. For general
information on the right terminology
see: Glossary of terms used in
photochemistry, 3rd edition IUPAC
Recommendations 2006). Pure Appl.
Chem., 2007, Vol. 79, No. 3, pp.
293-465.
http://dx.doi.org/10.1351/pac20077903

0293.

For recent use of the more adequate
terminology see: Arkivoc, 2012 (iii),
391 - 430, 2012; J. Org. Chem., 77
(23), 10537- 10544, 2012.

(4) Page 4: Materials, lines 5 - 7:
The methodology for singlet oxygen
oxidation of dioxins should be better
described and a reference given. It
would be important to give here also
the reaction temperature (238 K, as
indicated in Scheme 2) and the

reaction time.

In the revised manuscript, we have incorporated the
scheme for the singlet-oxygen oxidation method of
dioxins and mentioned the reaction temperature in
the scheme itself. For the information, we have
given the scheme below the response.

Update the Scheme 2, and replace “...... was carried
out using the ozone-triphenyl phosphite procedure.”
with  “...... was carried out by using the
ozone-triphenyl phosphite procedure (5). The
triphenyl phosphite ozonide, (phO);POs3;, was
prepared by passing extra pure oxygen through a
commercial Fischer Model 501 ozonizer and
bubbling the effluent into solution of the phosphite
in the range of 195-223 K (dry ice/acetone bath).
The solution was saturated with ozone for about two
hours, then the temperature was kept about thirty
minutes in the range of 238-253 K to undergo the
singlet-oxygen oxidation of the 1,4-dioxin

compounds.”
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(5) A more general observation to this
part, which does not have to be
necessarily considered in the revised
manuscript is the following:
According to the activation parameter
you measured for these 1,2-dioxetane
derivatives, it should be possible to
isolated them and characterize these
compounds by low-temperature 13C
NMR spectroscopy (1H NMR will not
give very specific signals).
Additionally, I would suggest to use
low-temperature photooxygenation for
the isolation of these compounds,
which can be performed directly in an
NMR tube at, for example -78 oC.
Dioxetane derivatives with similar or
lower stabilities have been
characterized by low-temperature
NMR; see, for example,

characterization of the unsubstituted

This is very valuable comment. As per the reviewer
suggestion we performed the low temperature *C
NMR experiment.

3C NMR (ppm) of compound la: 24.34, 24.78,
79.90, 107.01, 118.45, 126.54, 128.36, 137.62,
137.96.
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Cp:107.01 Cp : 170.19




derivative, which has a lower thermal
stability than your derivatives (Angew.
Chem. Int. Ed. Engl.,23 (2), 166-167,
1984.)
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(6) Page 4: Materials, line 21:
In my opinion you should not use
benzene in future preparations, due to

its extreme toxicity.

We apologize for this typo error. Actually the

reactions were carried out in dichloromethane.

(7) Page 6: Results and Discussion, lines 8
-11:
Here again the reaction time should be

given.

See our response to the reviewer suggestion (4).

(8) Page 7: Results and Discussion, lines
15-17:
Reformulate the whole sentence. For
example: “From Fig, 1 — 3 it can be
concluded that the CL as well as the
photoluminescence are originated
from the singlet excited state, which
should be a 1(*7— ) state.
Additionally, the experimental results
indicate that the electron-donating
methoxy group present in the
5-position is able to stabilizes the
singlet excited state of the

1,2-dioxetane decomposition

As per the reviewer suggestion we reformatted the
sentence.

Replaced the sentence “From Fig. 1-3, we conclude
the CL and fluorescence come from the transition
singlet excited state '(*n—m). From experimental
observations, it appears that the 5-electron-donating
substituted group (—OCH3) stabilizes the singlet
excited state.” with “From figure 1-2, it can be
that the CL as the

photoluminescence are originated from the singlet

concluded well as
excited state, which should be a '(n*—mn) state.
Additionally, the experimental results indicate that
the electron-donating methoxy group present in the

5-position is able to stabilize the singlet excited state

10




products. ”

of the 1,2-dioxetane decomposition products.”

(9) Page 7: Results and Discussion, lines
30 - 35:
What you say here is true for
compound 2a, but not necessarily for
the other derivatives. You should

comment on this fact.

Suggested correction was incorporated in the
revised manuscript.

Update the original figure 3 to figure 2, and revised
as recommended “Additional experimental evidence
was obtained by examining the solvent effect on the
photoluminescence of the diesters 1b-3b. The
normalized fluorescence spectra of diesters 1b-3b in
different polar solvents are shown in figure 2. All
the emissions from (7, ©*) excited states are seen in
the three diesters, however, the fluorescence
spectrum of compound 2b shows a noticeable
dependence on solvent polarity. By increasing
solvent polarity from benzene to acetonitrile, the
fluorescence peak of the compound 2b is red-shift
from 420 nm to 455 nm. The diesters 1b and 3b
show the emission peak at 375 nm and 378 nm in
benzene, and don’t 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.”

Add comment on Page 7, after lines 35: The
compounds la and 3a indicate that the CIEEL
mechanism is not prominently operating and they
are decomposed thermally without involvement of
CT or ET.

1b

400 4 bgnzene
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- 04
- T . . : . . .
x 300 400 500 600 700
Z 400 2 bgnzene
‘s ) dichloromethane
S 2004 acetonitrile
= 4
@ 04
= 300 400 500 600 700
% 400+ 3p —— benzene
200 4 duchlorfjrlnethane
1 acetonitrile
0
T T T T T T T ]
300 400 500 600 700

Wavelength (nm)
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Figure 2. The photoluminescence spectral peaks of
the compounds 1b-3b in going from

nonpolar to polar solvents.

(10) Page 7: Results and Discussion, lines
44 - 46:
The sentence: “Figure 4 shows the
CL thermal decay of the compound
2a (OCH3), measured at variable
temperatures (313K~353K), and
monitored at 430 nm.” Might be
reformulated to: “Figure 4 shows the
time course of the CL emission
intensity at 430 nm upon thermal
decomposition of compound 2a
(OCH3), measured at different
temperatures (313K - 353K).”

Replace “Figure 4 shows the CL thermal decay of
the compound 2a(OCHj3), measured at variable
temperatures (313K-353K), and monitored at 430
nm.” with “Figure 3 shows the time course of CL
emission intensity at 430 nm upon thermal
decomposition of the compound 2a, measured at
different temperatures (313-353 K).”

(11) Page 9: Results and Discussion, lines
8-10:
Use “The Gibbs activation
energy ...” instead of “The activation
Gibbs energy ...”

Replace “The activation Gibbs energy...” with “the

Gibbs activation energy...”

(12) Page 10: Scheme 3:
The species you show in brackets is
NOT a transition state, as indicated
by the “double cross” (). This has to
be corrected. Additionally, what you
mean by “free neutral radical /
radical anion species. In this context
it is interesting to mention that the
occurrence of an electron or charge
transfer in induced 1,2-dioxetane
decomposition has been recently
shown experimentally (J. Org.
Chem., 75 (19), 6574 — 6580, 2010.).

We thankful to this reviewer for valuable
suggestion. As per the reviewer’s suggestion, the

Scheme 3 is corrected as follows.

e
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Scheme 3




Some more general observations and
suggestions to the Results and Discussion
section:

(13) (i) The similarity in the behavior of
compounds 1a and 1¢ may indicate
that in the case of these compounds
the CIEEL mechanism is not
operating and they are decomposed

thermally without involvement of

CT or ET. This should be discussed.

Update the Scheme 3, 1a and 3a are not involved in
this scheme.

Page 8, lines 51; Page 9, lines 1 - 11: Revised as
recommended “The activation parameters of the
unsubstituted compound la and the
chloro-substituted compound 3a show similar
thermal stability at room temperature, with the

. . i .
Gibbs activation energy (AG ) that different only
about 0.1 kcal/mol. However, the

methoxy-substituted compound 2a has a AGivalue
of 22.6 kcal/mol at 25°C, corresponding to a Ty,
value of ca. 1.13 h, and shows a much lower thermal
stability than compounds 1a and 3a. These results
obtained upon intramolecular decomposition of
dioxtanes clearly demonstrate that the
chemiluminescence characteristics of the compound
2a are quite different from that of the compounds 1la
and 3a.”

Page 9, lines 30 - 34: Revised as recommended
“The intramolecular CIEEL mechanism is triggered
with increasing electron donating ability, with
subsequent EBT annihilation leading to an excited
state diester and luminescence to the ground state

(see Scheme 3).”
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(14) (ii) The CL quantum yields for the
decomposition of these compounds
should be given. The relative
quantum yields can be obtained
approximately by integration of the
emission curves for the three
compounds measured in similar
experimental conditions. For

determination of quantum yields in

CL transformations see for example:

Eur. J. Org. Chem., (24) 4037-4046,
2000.

Actually, the determination of the absolute
chemiluminescence quantum yields for the
decomposition of the 1,2-dioxetanes is not so easy
due to the low thermal stability of these dioxetane
compounds. The measurements of relative
chemiluminescence quantum yields had been
performed in a sealed cuvette containing 2 mL of a
methylene blue (9.3x10” M) solution and the
1,4-dioxin acenaphthylene compounds 1-3 (2x107
M) in acetonitrile. These solutions were irradiated
with light of wavelength 655 nm for 100s, the
chemiluminescence spectra was integrated after the
excitation shutter was closed and the emission
shutter opened.(J. Org. Chem., 75 (19), 6574 —
6580, 2010.). We found the [2+2] cycloaddition of
singlet oxygen and the chloro-substituted dioxin
compound 3 was not proceeded in the condition
(655 nm, 100s), but the chemiluminescence of
compound 3a could be observed when the
irradiation time was prolonged to 20 minutes. The
following figure A shows the chemiluminescence
spectra of the dioxetanes in methylene
blue-acetonitrile solution. We can measure the
integrated light emission and get the relative
quantum yields of CL(¢cL 1) Which corresponds to
the fluorescence quantum yields (@rr re1.) of the
diesters in figure B except the chloro-substituted
dioxin. We supposed the formation yield of the
dioxetane 3a was lower due to more electron-poor
olefin than others. However, we will continue to
study the absolute chemiluminescence quantum
yields of CL for purified dioxetanes in future

experiments.

Felatiee Intensity (FLL)

+ - ' - ' - .
w0 D paaengifam) o

Fig. A CL specira of daxetanes 1a-2a
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(15) (iii) In your synthetic sequence, the
nitro-substituted derivative is
obtained. Did you try to transform it
into the corresponding 1,2-dioxetane
derivative. This would be an
interesting compound, as this
substituent is not supposed to be an

electron donor at all.

This is very interesting point. We synthesized the
nitro-substituted 1,4-dioxin acenaphthylene.
However, the singlet-oxygen oxidation of the
compound was not successful. We couldn’t get the
nitro-substituted dioxetane. This may be due to the
presence of electron-poor olefin that failed to

undergo [2+2] cycloaddition of singlet oxygen.

(16) (iv) For 1,2-dioxetane 1a and 1c, the
formation of triplet species should be
verified, for example using
9,10-dibromoanthracene as an

energy acceptor.

The phosphorescences of the degassed compound
1b-3b aren’t inspected so far, we just only present
the singlet species in this study. On the other case,
we did see the CL of bromo-substituted ANQ
dioxetane as shown in figure C which presents both
the singlet and triplet species. We will use the
9,10-dibromoanthracene as a triplet energy acceptor
in this system.

photoluminescence of diester
chemiluminescence of dioxetane
photoluminescence of diester(degassed)

400

Relative Intensity (R.1.)

T T
400 800
Wavelength (nm)

Figure C. The CL of 5-bromo ANQ dioxetane and
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PL of 5-bromo ANQ diester

(17) Page 10: Conclusions: lines 22 — 25:
This sentence is not right. The color
of the CL emission is no modulated
by the intramolecular CIEEL
mechanism. The color of the CL
emission from 1b is just different
due to the different fluorescence
spectrum of the decomposition
product, caused by the stabilization
effect of the methoxy group.

This sentence has to be

reformulated.

This sentence was reformulated. According to the
reviewer suggestion. “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 stabilization effect of the

methoxy group. ”

(18) Page 13: Table 1:
Indicate the t1/2 values are
calculated at 25 oC (at least I
suppose). These relatively long life
times indicate that it should be
possible to characterize these
compounds by NMR spectroscopy
(see my comment above), even at
RT.
These activation parameters should
be better discussed in the
manuscript text. A recent
compilation and discussion of
activation parameters measured for
the decomposition of different cyclic
peroxides in given in the literature
(J. Org. Chem., 74 (23), 8974 — 8979,
2009.).

Replace “ 7 1,” with “ 71,(25C)”
Also see our response to the reviewer suggestion

(13).

(19) Pages 14 - 16: Figures 1 - 3:
The experimental condition in which
these spectra are obtained should be
given, including instrumental
parameters like emission slit and
scanning time, for example. This

might explain the differences in the

The photoluminescence of 1b shows the vibronic
band in dichlormethane, but the CL of 1a doesn’t. In
other series, the photoluminescence of 2b or 3b
matches the CL of 2a or 3a, as figure 1. In figure 2,
the photoluminescence of 1b in acetonitrile also
shows the vibronic band.

photoluminescence of 1b: Ex. Wavelength (313nm),

16




CL of 1a and the fluorescence Ex. Slit (5 nm), Em. Slit (5 nm), Scan rate (1200
spectrum of 1b. nm/min), PMT= 500 V.

CL of 1a: Gate time (5ms), Em. Slit (10 nm), Data
interval (0.5 nm), PMT= 800 V.

The experiment conditions used in Measurements:
The absorption and emission experiments were
performed with prepared solutions containing

1.0x10™*M of diesters in dichloromethane.

(20) In conclusion, this manuscript should | We are very thankful to the reviewer for his kind
be published in Luminescence, revision and suggestions.

however, major revision is required.
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Substituent effects on the decomposition of chemiluminescent tricyclic

aromatic dioxetanes

Chung-Wen Sun®, Shun-Chi Chen"", Tai-Shan Fang®

“Department of Chemistry, National Taiwan Normal University, Taipei 116, Taiwan, R.O.C

bDepartment of Chemical Engineering, MingChi University of Technology, Taishan, Taipei 243, Taiwan, ROC

Abstract

Three tricyclic 1,2-dioxetane derivatives, la, 2a and 3a were synthesized from their corresponding
1,4-dioxin acenaphthylene compounds, 1, 2 and 3, by reaction with singlet-oxygen (‘O,) in
dichloromethane. Evidence for formation of the dioxetanes 1a, 2a and 3a is the chemiluminescence that
corresponds to the emission from the electronically excited diesters 1b*, 2b* and 3b*, which is
decomposed thermally from the dioxetanes la, 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 chemiluminescence (CL). It was observed
that the CL from compound 2a is red-shifted relative to that of compounds la and 3a suggesting a
higher degree of stabilization of the excited state by the electron donating methoxy group. Also, a
study of the solvent effect on the fluorescence shows a significant red-shift in compound 2b, indicating
a more polarity of the excited state. The kinetics of the thermal decomposition of the 1,2-dioxetanes
clearly demonstrates that the chemiluminescence characteristics of the compound 2a is quite different

from that of compounds, la and 3a. These results are consistent with the proposed intramolecular
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chemically initiated electron exchange luminescence (CIEEL) mechanism which is triggered by

electron-donating group of compound 2a.

ﬁ o o o o
. Oi)oi( Oi ;O
X X X
1:X=H la:X=H 1b: X=H
2 :X=0CHj; 2a : X=0OCHj; 2b : X=0OCHj;
3:X=Cl 3a: X=Cl 3b : X=Cl
Compounds 1~3 Compoundsla~3a Compounds 1b~3t

Keywords

chemiluminescence; tricyclic dioxetane; chemically initiated electron exchange luminescence

1. Introduction

The phenomenon of firefly bioluminescence (1,2) has led to the theoretical (3,4) and practical (5-7)
study of the chemiluminescence (CL) of 1,2-dioxetanes and has been of interest to chemists for a long
time. The high-energy 1,2-dioxetane molecules are the focus of many investigations because of their
unique ability to decompose thermally into electronically excited carbonyl products. Although 1,2-
dioxetanes have been postulated as reaction intermediates for over 100 years, the 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
has 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 most convenient method for the synthesis of 1,2-dioxetanes (9).

The key concept of the intramolecular CIEEL mechanism is that thermal decomposition of the
1,2-dioxetane proceeds through a twisted diradical transition state that yields intramolecular radical ion

intermediates. Subsequent exothermic electron back-transfer (EBT) annihilation leads to an excited

John Wiley & Sons
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state and chemiluminescence (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 eclectron donating moiety to the O-O bond of the dioxetane promotes the

decomposition of the dioxetane into the excited ester (see Scheme 1) (16).

o] o) o* /Me o] /Me
N, N,
Me Me > Me @ = O/\/O Me > Mey O/\/O Me
N 0—0 1\{ N N }\I
Me/ Me e/ o) o Me (o)

Scheme 1

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

dioxetanes.

2. Experimental
2.1. Materials
2.1.1. 1,4-dioxin acenaphthylene, compounds 1-3

Acenaphthenequinone (ANQ) was obtained from Aldrich. The 5-nitro ANQ was synthesized
from ANQ and sodium nitrate in concentrated sulfuric acid by refluxing the reaction mixture for 2h.
The 5-methoxy ANQ was synthesized from the purified 5-nitro ANQ and potassium hydroxide in
methanol by refluxing the reaction mixture for 2h (18). The 5-chloro ANQ was synthesized from ANQ

and N-chlorosuccinimide (NCS) in concentrated sulfuric acid by refluxing the reaction mixture for 2h.
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(see Scheme 2 Part A). The compounds 1-3 were synthesized by the photo-cycloaddition reaction of

acenaphthenequinone (ANQ) with tetramethylethylene (TME) in benzene (see Scheme 2 Part B) (19).
2.1.2. tricyclic 1,2-dioxetane compounds 1a-3a

Singlet-oxygen oxidation of the 1,4-dioxin compounds 1-3 to produce the tricyclic 1,2-dioxetane
compounds 1a-3a was carried out by using the ozone-triphenyl phosphite procedure (5). The triphenyl
phosphite ozonide, (phO);POs;, was prepared by passing extra pure oxygen through a commercial
Fischer Model 501 ozonizer and bubbling the effluent into solution of the phosphite in the range of
195-223 K (dry ice/acetone bath). The solution was saturated with ozone lasting about two hours, then
kept the temperature in the range of 238-253 K to undergo the singlet-oxygen oxidation of the 1,4-
dioxin compounds for thirty minutes. Dioxetane adducts 1a-3a were isolated by ice-chilled n-hexane

extraction from low temperature synthesis of ozonized triphenyl phosphite (see Scheme 2 Part C (1)).

2.1.3. naphthalene diester compounds 1b-3b

There are two methods were utilized for the synthesis of the naphthalene diester compounds 1b-
3b. Among them, the first method involves the thermal decomposition of the compounds 1a-3a to the
naphthalene diester compounds 1b-3b (see Scheme 2 Part C (1)). Second procedure was the irradiation
of compounds 1-3 in dichloromethane solution in the presence of the photosensitizer (methylene blue)
under oxygen atmosphere. (see Scheme 2 Part C (2)). The 'H-NMR, IR and MS spectral data for the
naphthalene diester compounds 1b-3b are shown below.

Compound 1b: "H-NMR (200 MHz, CDCls): 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, 4CH;), FT-IR (KBr, cm'l): 2922,
1725, 1693, 1579, 1280, SIMS m/z 298 [M].

Compound 2b: 'H-NMR (200 MHz, CDCl): 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,
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Page 4 of 18


johnsun
螢光標示

johnsun
螢光標示

johnsun
螢光標示

johnsun
螢光標示

johnsun
螢光標示


Page 5 of 18 Luminescence

Ar-H, J=8 Hz), 4.03 (s, 3H, OCH3), 1.75 (s, 6H, 2CHs), 1.68 (s, 6H, 2CH;), FT-IR (KBr, cm™): 2935,
1718, 1583, 1242, SIMS m/z 328 [M].

Compound 3b: 'H-NMR (200 MHz, CDCL): 8.51-8.47 (d, 1H, Ar-H, J=8 Hz), 7.93-7.89 (d, 1H,

©CoO~NOUTA,WNPE

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,

11 6H, 2CH3), FT-IR (KBr, cm™): 3005, 1734, 1687, 1570, 1283, SIMS m/z 332 [M].
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2.2. 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 1.0x10™*M of diesters in dichloromethane. For the temperature-dependent kinetic
measurements, the temperature of the sample solution was controlled to within 0.5 K with an
electronically thermostatting single cell and monitored with thermocouples attached to the cell.
3. Results and Discussion

The isolated dioxetane compounds 1a, 2a and 3a, respectively, are formed by reacting compounds
1, 2 and 3 with singlet-oxygen (‘O,) 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 the
compounds la-3a are consistent with that of the photoluminescence spectral peaks of the photoexcited
compounds 1b-3b. Figure 1 shows the UV/Vis absorption and photoluminescence spectra of the
compounds 1b-3b, and the CL spectra of the compounds la-3a in dichloromethane. Therein, the
chemiluminescence and photoluminescence peaking at A, are normalized with the same relative
intensity. It shows that the CL spectral peak of the dioxetane is consistent with that of the

photoluminescence spectral peak of the photoexcited diester, respectively.
[Insert figure 1 here]

The CL peak of the dioxetane compound 2a at 430 nm shows an obvious red-shift in comparison
with the compounds 1a(375nm) and 3a(378nm). 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.
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Additional experimental evidence was obtained by examining the solvent effect on the
photoluminescence of the diesters 1b-3b. The normalized fluorescence spectra of diesters 1b-3b in
different polar solvents are shown in figure 2. All the emissions from (7, 7*) excited states are seen in
the three diesters, however, the fluorescence spectrum of compound 2b shows a noticeable dependence
on solvent polarity. By increasing solvent polarity from benzene to acetonitrile, the fluorescence peak
of the compound 2b is red-shift from 420 nm to 455 nm. The diesters 1b and 3b show the emission
peak at 375 nm and 378 nm in benzene, and don’t 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.

[Insert figure 2 here]

From figure 1-2, it can be concluded that the CL as well as the photoluminescence is originated
from the singlet excited state, which should be a '(n*—) state. Additionally, the experimental results
indicate that the electron-donating methoxy group present in 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 (—OCH;) at

5-position can interact through the © electrons of the naphthalene ring to stabilize the singlet excited

state '(m*— m). Hence, the chemiluminescence emission of this tricyclic aromatic dioxetane highly

depends on the substitution on 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. The compounds 1a and 3a indicate that the CIEEL mechanism is not

prominently operating and they are decomposed thermally without involvement of CT or ET.

John Wiley & Sons
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The rate constants for the decomposition of the compounds 1a-3a were obtained at 313-353 K by
measuring the decay of the CL intensity. The CL decay of the compounds 1a-3a was monitored at the
maximum value of the CL in dichloromethane (compound la-Acp max: 375 nm, compound 2a-Acy max:
430 nm, compound 3a-Acp max: 378 nm). Figure 3 shows the time course of CL emission intensity at
430 nm upon thermal decomposition of the compound 2a, measured at different temperatures (313-353

K).

[Insert figure 3 here]
According to the transition state theory, the overall mechanism for the decomposition of the

tricyclic 1,2-dioxetane compound can be presented as equation (1).

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

k R AS*_&i
N, R RT

2
where Nx=Avogadro’s constant; h=Planck’s constant

The activation parameters of the dioxetanes 1a-3a were obtained from the temperature dependence
of the chemiluminescence decomposition rate constants. The chemiluminescence activation parameters
were obtained by plotting the In(k/T) verse 1/T in the Eyring plots, as shown in figure 4. The kinetics

of the thermal decomposition of the 1,2-dioxetanes studied at 313-353 K reveal a significantly lower

— s o .
value for the activation enthalpy (A H ) of 2a. The activation parameters and rates of decomposition

for 1,2-dioxetanes 1a-3a are listed in Table 1.
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[Insert figure 4 here]

[Insert table 1 here]

Table 1 shows the activation parameters and rates of decomposition for 1,2-dioxetanes 1a-3a. The
A H value of compound 2a is significantly lower than those values for compounds 1a and 3a. The rate
constants obtained for compound 2a is about 4-5 times faster than that of la, 3a at 298 K. The
activation parameters of the unsubstituted compound la and the chloro-substituted compound 3a show

similar thermal stability at room temperature, with the Gibbs activation energy (A Gi) that different
only about 0.1 kcal/mol. However, theA Givalue of methoxy-substituted compound 2a is 22.6 kcal/mol

at 25°C, corresponding to aT 1, value of ca. 1.13 h, shows the thermal stability in the behavior are less

stable than that of the compounds 1a and 3a. These results obtained upon intramolecular decomposition

of dioxtanes clearly demonstrate that the chemiluminescence characteristics of the compound 2a are

quite different from that of the compounds la and 3a. The more negative activation entropy (A Si)

value for compound 2a, which compensates for the surprisingly low value of A Hi, can be understood

by the need of a specific conformation for the CT from the methoxy group of the naphthalene ring to
the O-O bond of the dioxetane, which promotes the decomposition of the dioxetane into two radicals
confined within a solvent cage. The subsequent EBT annihilation between the radicals releases enough
energy to excite the naphthalene emitter to its singlet excited state. These results are consistent with the
intramolecular CIEEL mechanism where the electron-donating methoxy group promotes O-O bond
cleavage by resonance interaction through the m electrons of the naphthalene moiety. The

intramolecular CIEEL mechanism is triggered with increasing electron donating ability, with

10
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subsequent EBT annihilation leading to an excited state diester and luminescence to the ground state

(see Scheme 3).

w2 m i

OCHj; OCH, OCH;3

compound 2a compound 2b*

4. 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
stabilization 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
S-position of acenaphtho moiety. Further investigation of present and the other aspects of the

intramolecular CIEEL mechanism underway in our laboratory.
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Table 1. Activation parameters and rates of decomposition for 1,2-dioxetanes 1a-3a

I o
7\‘max AHI AS AGi (25 C) k25°C T 1/2(250C)
Compound
nm (kcal/mol)  yca1/mol cal/mol-K kcal/mol ! h

la(H) 375 (76.3) 20.3 -10.2 234 4.54x107 4.24
2a(OCH;) 430 (66.5) 13.1 -31.8 22.6 17.1x10° 1.13

3a(Cl) 378 (75.7) 18.8 -15.8 23.5 3.79x107 5.08

14
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35 Figure 1. The UV/Vis absorption, photoluminescence spectra of the compounds 1b-3b, and the CL spectra of
36 the compounds 1a-3a in dichloromethane.
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The study of the photochemical reaction of colchicine and thiocolchicine
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Abstract

The photochemical reactions of colchicine and thiocolchicine were studied in this thesis.
The difference of structure between colchicine(1) and thiocolchicine(5) is that hydroxyl
functional group(-OH) on the tropolone ring is substituted, one is methoxyl functional
group(-OCH3), and the other is methylthio functional group(-SCH3). Because of their similar
structure make the physical and chemical properties similarly, and both they are effective
treatment for gout drugs. However, the poor resistance to UV light of the tropone which is
easily photocyclized by irradiation makes them easy to perish. Irradiation of colchicine(1)
gives mainly two photoproducts: B-lumicolchicine(2) and 7y-lumicolchicine(3). Further
irradiation of B-lumicolchicine(2) gives the photoproduct of a-lumicolchicine(4). Irradiation
of thiocolchicine(5) gives B-lumithiocolchicine(6) and y-lumithiocolchicine(7). The chemical
kinetic of colchicine(1) and thiocolchicine(5) is studied and the ratios (B/y) of photoproducts
is analyzed under different polar solvents and irradiative times. The results show that both
colchicine(1) and thiocolchicine(5) favor the Woodward-Hoffmann electrocyclic reaction.
Colchicine(1) has higher photochemical reactivity and higher product stereoselectivity with
the methoxyl functional group(-OCHs) of tropone. Thiocolchicine(5) with the methylthio
functional group(-SCHj3) of tropone has lower photochemical reactivity and lower product

stereoselectivity.

Key Words: colchicine, cyclization, stereoselectivity
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