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In base-catalyzed air oxidation of substituted phenylpyruvic acids, an excited singlet product is gener-
ated from 3,5-dichloro-4-hydroxyphenylpyruvic acid (1) but excited triplet products from 3,5-dichlorophenyl-
(2) and 3,5-dichloro-4-methoxyphenylpyruvic acid (3). According to the reaction scheme proposed, the singlet
chemiexcitation yield from 1 and the triplet yields from 2 and 3 are 1..X1074, 8.3X10~4, and 6.7X1074, respec-
tively. A discussion is made on the difference in spin state selectivity between 1 and 2 or 3.

By studying the chemiluminescence (CL) in air oxi-
dation of ~CO-CH- containing molecules, we have
revealed that excited triplet products are generated
from simple molecules such as 3-methyl-2-butanone
and isopropyl phenyl ketone.? We have further
observed a direct CL due to generation of excited singlet
products in similarair oxidations of 9, 10-diacylanthra-
cenes? and 3-acyl-9-methylcarbazoles.?

In view of the evidence that simple isolated 1,2-
dioxetanes predominantly give excited triplet prod-
ucts by homolytic cleavage,? whereas several 1,2-di-
oxetanes bearing easily oxidizable substituents de-
compose to give excited singlet products in high yield
by intramolecular electron-transfer mechanism,® it
seemed likely that the difference in spin states of
products is attributable to different decomposition
paths of 1,2-dioxetane intermediates.

In the present study on the chemiexcitation in base-
catalyzed air oxidation of substituted phenylpyruvic
acids,® a remarkable difference in spin state selec-
tivity has been found between 3,5-dichloro-4-hydroxy-
phenyl- (1) and 3,5-dichlorophenyl- (2) or 3,5-dichloro-
4-methoxyphenylpyruvic acid (3); an excited singlet
product 1s generated from 1 but excited triplet products
from 2 and 3 . Details of the experimental results and a
discussion based on the results will be presented in this

paper.
Results and Discussion

The reaction was initiated at 40 °C by adding 0.1
cm? of a solution of potassium ¢-butoxide in ¢-butyl
alcohol (t-BuOK/t-BuOH solution, 2X10-2 mol/
dm3) to 2.0 cm?® of an aerated solution of 1, 2, or 3
(5.0X107¢* mol/dm?3) in N,N-dimethylformamide
(DMF). Direct CL was exhibited from 1, whose
spectral distribution has a peak at 390 nm and is simi-
lar to the fluorescence (FL) spectrum of 3,5-dichloro-
4-hydroxybenzaldehyde (4) (Fig. 1(a,c)). This finding
indicates that the emitting species is excited singlet
4. Upon adding 9,10-diphenylanthracence (DPA)
or 9,10-dibromoanthracence (DBA), there appeared
indirect CL, whose spectrum comprises a peak at 430
nm (FL from DPA or DBA) and a shoulder at 390
nm (emission from 4) as shown in Fig. 1 (b,d).

In contrast to 1, neither direct CL nor indirect CL
with DPA could be detected from 2 or 3 to any signifi-
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Fig. 1. Emission spectra: direct CL of 1 ( a), in-
direct CL with DPA ( b), FL of 4 (---- ¢), FL
of DPA (----d).

cant degree, whereas indirect CL. with DBA was exhib-
ited. These results strongly suggest a generation of ex-
cited triplet products (presumably, 3,5-dichlorobenz-
aldehyde (5) from 2, and 3,5-dichloro-4-methoxy-
benzaldehyde (6) from 3) since DBA is more capable
of accepting the energy of excited triplet species than
DPA due to the heavy-atom effect, the energy being
released in the form of FL emission.”

The base-catalyzed air oxidation of such enolizable
carbonyl compounds as 1, 2, and 3 would follow the
same reaction pathways as the one proposed for the
luminescent air oxidation of simple ketones,? 9,10-
diacylanthracences,? and 3-acyl-9-methylcarbazoles,®
which is quite similar to the mechanism for the base-
catalyzed autoxidation of carbonyl compounds.®

(1) Anion A could be formed from pyruvic acid, 1,
2, or 3 by the action of strong basic {-BuOK.

X=0 (from1)
A X=H (from 2)
X = OCH;(from 3)
(2) Reaction of A with oxygen produce peroxides
AO:2:
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(3) Of decomposition processes of AQ2, one is a
cleavage via 1,2-dioxeétane intermediates (M) to give
excited singlet 4 (P*(S:)) from 1 or excited triplet 5
and 6 (P(T1)) from 2 and 3, respectivey:

cl c )
no, & XQE £ c'° 2, 0+ €0
A Ho 0

X=0
X=H, OCH,

M P*(Sy): (1n

PH(T):
or to give the ground state of 4, 5, or 6 (P(So)):

k
A0, — M — P(S,). (111

(4) The cleavage of AOz via acyclic pathways to
give P(So)) and other products Q will compete with
the above processes:

ke
AO, — P(S,), (IV)
k
A0, — Q. )
(5) FL emission from P*(S;):
k
P*(S;) — P(Sy) + v, (V1)
(6) Radiationless deactivation of P*(S,):
k
PX(S;) — P(Sy). (VII)

(7) Intersystem crossing to excited triplet state
(P*(T,)) followed by radiationless deactivation:

k

P*(S;) —— P¥(T;) — P(Sy). (VIII)
According to the scheme, the intensity of direct
CL of 1 is given by

I3, = ¥P:k[A][O,],
where @¥ is the singlet chemiexcitation yield for the
generation of P*(S;) from 1 and &% is the apparent FL
quantum yield of 4, which are respectively given by
OF = o/ (ka+hs+ky+ks) and P = ke/(ks+ ko +ks) .

Assuming that ¥ @Y is maintained constant during
the reaction, the total light emission is given by

f I8dt = OrOLk, f [A][O,]dt.

From the reaction scheme, the following relation
is obtained:

by f [AJ[O,]ds = [1],,

where [1)o is the initial concentration of 1.
same relations are also obtained for 2 and 3.

Thus, the overall CL quantum yield of direct CL of
1 is given by

The

oL, — / 1%,d4/[1], = 0102, (1)
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When fluorescer D (DPA or DBA) is added, the
following steps IX—XI are to be taken into account.
Singlet-singlet energy transfer from P*(S;) to D:

k;
P*(S,) + D(S) —— P(S;) + D*(S,). (IX)
FL emission from D*(S;):
K
D*(S;) —— D(Sy) + vy,

Radiationless deactivation processes:

(X)

D*(S) —=% D(Sy). (XI)

Taking all of the steps into account allows us to
formulate the quantum yield of indirect CL of 1 with
D as

D _ ¢F‘l'(kSS/(kG'I'k7'|'k8))¢p[D] @* (2)
* 1+ (kss/ (ka+ ko + ks)) [D]
where @P is the apparent FL. quantum yield of D,
given by

D = ke /(he + k).
From Egs. 1 and 2, we obtain
le; Q; / k5+k7+ka 1
= 1 : 3)
o2 —B8, ~ P2-0: \ ks (D]

@2, and P2, for several different concentrations of
DPA were evaluated by a comporison of the total light
emission from the systems with that from a standard
luminol solution in dimethyl sulfoxide containing ¢-
BuOK (9%,;=1.28X10-2)? by the same method as that
described in our previous peper.? The results are tabu-
lated in Table 1. The quantum yield of indirect CL
of 1 when [DBA] is 5X10~* mol/dm3 (¢DBA(1)) was
determined to be 1.3X10-¢. By a comparison of the
FL-emission intensities of 4, DPA, and DBA with
that of a standard solution of quinine sulfate in 0.50

TasrLeE 1. VALUEs oF @0, AND DOF* FOR DIFFERENT
CONCENTRATIONS OF DPA
[DPA]
DPA
o+ 18.9 9.3 6.6 1.8 1.1 0.8(®%)

)

0
CL

o/ @ g? -2

[

-

10

(DPAI"2/103dm’mo1 2

Fig. 2. Plot of @& /(®3*—0%) vs. 1/[DPA].
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mol/dm3 HaSO4 (#§=0.50),10 the values of @Y, PRFA,
and P28 were determined to be 6.7X10-3, 1.0, and
0.12, at 40 °C, respectively.

As shown in Fig. 2, linear plots of @ /(PEFA—BY, )
vs. 1/[DPA] can be obtained except for the systems
with dilute concentrations of DPA, indicating that
Eq. 3 is plausible when [DPA] is higher than 2.5X
10~ mol/dm3. The value of the abscissa intercept
in Fig. 3, ®%/(®PRPA—PY) is 7X10-3. A direct calcu-
lation with the values of @% (6.7X10-3) and ®PPA(1.0)
gives a similar value of 6.7X1073. From the ratio of
the line slope to the abscissa intercept, the magnitude
of kss/(ketkitks) is estimated to be 95dm3/mol. If
it is assumed that only P*(S;) is generated from 1
and the magnitude of kss/(ke+k7+ks) for DBA is com-
parable to that for DPA, the value of #2BA(1) when
[DBA] is 5.0X10~¢mol/dm?® may be calculated by
the equation (see Eq. 3)

8x10-7
P2 (1)—8x 107
_ 6.7x10 ¢ 1 1
T 0.12—6.7x10-3\ ‘E’fﬁ‘(ﬁ)’

from which 45')“(1) is obtained to be 1.4X10-6. The
calculated value is in fairly good agreement with the
observed value (1.3x10-8).

From Eq. 1 and the values of &%, (8X10-7) and

2 (6.7X1073), the singlet chemiexcitation yield (&%)
from 1 is estimated to be 1.2X104.

In the systems of 2 and 3, where excited triplet 5
and 6 (P*(T1)) may be generated from phenylpyruvate
anion, the steps I—V and the following steps VI’'—XI’
will be taken into account.

Radiationless deactivation of P*(T):

,

PX(Ty) — P(S,), (VI')
Quenching of P*(T1) by oxygen:
kr
P¥X(Ty) + O, — P(Sy) + Oy(A), (VIT')

Triplet-singlet energy transfer from P*(T:) to DBA:

k
P*(T;) + DBA(S,) = P(S,) + DBA*(S,),
Triplet-triplet energy transfer:

(VIIT)

k
P*(T,) + DBA(S,) —— P(S,) + DBAX(T,),
FL emission from DBA*(S;):

DBA*(S,) —— DBA(S,) + A,
Radiationless deactivation of DBA*(S,):

Tkq
DBA*(S;) —— DBA(S,). (XT')

Then, the quantum vyield of indirect CL of 2 (or
3) with DBA is written by

(IX)

X

DBA DBA _ Q:k"¢?“[DBA]
@ = [remenm, = 5 o
or
L1 K+k[Oy)
O @)  OTGId,\ (k,s+kn)[DBA1> )
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where @PBA=k{:/(k1§+2k6), Drs=kts/(krstk1r), and
D¥=ko/(kotkstkatks). The observed values of

®D2BA(2) and PRPA(3) are shown in Tables 2 and 3,
respectively. The plots of 1/®2PA(2) vs. 1/[DBA] and
of 1/®2PA(3) vs. 1/[DBA] are shown in Figs. 3 and
4, respectively. The results indicate that Eq. 4 is plau-
sible except for the systems with low concentrations
of DBA. From the values of the abscissa intercepts
in Figs. 3 and 4 and the values of ®PB4(0.12) and

TABLE 2. VALUEs oF ®2%*(2) FOR DIFFERENT
CONCENTRATIONS OF DBA

[DBA]
0~ moldm=3_ 20 10 5.0 3.3 2.5 1.3
——g& 11 7.2 4.3 2.5 1.5 0.4
10-s . . . . .
TaBLE 3. VaLues oF @f*(3) FOR DIFFERENT
CONCENTRATIONs OF DBA
[DBA]
10T moldm=3" 20 10 5.0 2.5 1.3
¢DBA 3
—“T(l 59 3.3 1.8 0.9 0.4
10-¢
10
zéq >
a o
Ls]
0

1DBA1"2/103dm3mo1 2
Fig. 3. Plot of 1/@3%4(2) vs. 1/[DBA].
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Fig. 4. Plot of 1/@3%(3) vs. 1/[DBA].
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P1s (0.25),10 the triplet chemiexcitation yields from
2 and 3 are estimated to be 8.3X10~4 and 6.7X1074,
respectively.

Schaap and Gagnon!? have reported noticeable
chemiexcitation features about the spin state selectiv-
ity in the thermolysis of 1,2-dioxetanes 7a—7d. Hy-

J b

X

: X=0H
: X=0CH,
: X=H

1 X=0"

~N
oo oo

droxy-substituted (7a), methoxy-substituted (7b),
and unsubstituted one (7c) decomposed to give excited
triplet products, which are typical of most simple
1,2-dioxetanes, while the very unstable phenoxide
one (7d) decomposed with high singlet chemiexitation
yield. Moreover, the deprotonation of 7a to give 7d
with a base resulted in a flash of brilliant luminescence.
White et al.’® also showed that only the cases of the

H
N\> <Nj/\co H

4 2
XOis s
: X=0CH,
: X = NHCOCH,
: X=NH,
: X=0"

(oo}
Qo oo

natural oxido-substituted luciferin (8d) and amino-
substituted luciferin (8c) exhibited bioluminescence,
although the luciferins 8a—8d were oxidized to give
carbonyl products via the corresponding 1,2-dioxetanes.
The high singlet chemiexcitation yields have nicely
been explained by the intramolucular electron-
transfer mechanism.1¥

On the analogy of the chemiexcitation features
of the 1,2-dioxetanes, the cleavage of an oxido-sub-
stituted 1,2-dioxetane intermediate by the intramo-
lecular electron-transfer mechanism would be plau-
sible for the generation of an excited singlet product
from 1. The low values of both &% and &% are
presumably due to the fact that the chemiexcitation via
the 1,2-dioxetane intermediate arises from a minor
reaction.

More examples of -CO-CH- containing molecules
as this type should be investigated to confirm this trend.

Experimental

Instruments. IR spectra were recorded on a JASCO
A-102 spectrophotometer in the noted phase. 'H NMR and
13C NMR spectra were determined on a JEOL FX-90 spec-
trometer. Chemical shifts are reported as & values in
parts per million relative to the central signal of DMSO-ds
(2.43 for 'H and 29.50 for 13C). The intensity and specta of
CL emission were determined by measuring the output of
R44 photomutiplier-photometer (Opelecs CLS-1 spectropho-
tometer). The intensity and spectra of FL emission were
measured on a Hitachi MPF-2A fluorescence spectropho-
tometer.

Substituent Effect on Chemiexcitation Yield
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Materials. For the preparation of 1, 2, and 3, 4-
hydroxy- and 4-methoxybenzaldehyde, N-acetylglycine
(Nakarai Kagaku), sulfonyl chloride (Wako Junyaku), 3,5-
dichlorobenzaldehyde (Aldrich), and various solvents were
used without further purification. For the measurement
of CL and FL emissions, ¢t-BuOK (Merck, for synthesis), t-
BuOH (Tokyo Kasei, extra pure grade), DPA (Nakarai
Kagaku, specially prepared reagent), and quinine sulfate
(Nakarai Kagaku, extra pure reagent) were used as received.
DBA (Tokyo Kasei, guaranteed reagent) and luminol (Nakarai
Kagaku, guaranteed reagent) were purified by recrystalliza-
tion from xylene and dilute hydrochloric acid, respectively.
DMF (Wako Junyaku, extra pure reagent) was distilled
prior to use.1®

Preparation of 3,5-Dichloro-4-hydroxyphenylpyruvic Acid (1).
Following reported procedures,’® 1 was prepared from 4-
hydroxybenzaldehyde via chlorination, condensation with
N-acetylglycine, and acid hydrolysis. Recrystallization from
acetic acid gave pure 1 as colorless crystals (mp 208—210
°C decomp. uncorr.).

Preparation of Dichlorophenylpyruvic Acid (2). A
mixture of 3,5-dichlorobenzaldehyde (1 g), N-acetylglycine
(0.8 ¢g), and sodium acetate (0.6g) in acetic anhydride (7
cm3) was heated under reflux for 4 h, and then allowed to
stand overnight in a refrigerator. The crystals were filtered,
washed with boiling water, and dried under vacuum. The
crude product was heated under reflux with 3 cm3 of 30%
hydrochloric acid and 10 cm? of acetic acid for 4h. The
solvents were removed off on a rotary evaporator. Recrystal-
lization from acetic acid with activated carbon gave a pale
brown powder (0.33 g). The crude product was purified
by a column of Cis reversed phase silica (10g, Silica
Gel ODS-Q3, 75A, 30—50 pm, purchased from Fuji Gel
Co.) with a mixture of methanol, water, and acetic acid (50:
50:1) as an eluant. Pure 2 (0.27 g, 23% overall yield) was
obtained as colorless crystals (mp 153—155°C, uncorr.):
IR (KBr disk) 3500(0OH) and 1695 (C=0)cm™}; 'H NMR
(CDsSOCDs) 7.72 (2H, d, J=2.0 Hz, H-C(2) and H-C(6)
of arom.), 7.32 (IH, t, J=2.0 Hz, H-C(4) of arom.), and
6.30 (IH, s, ArCH=enol form); 3C NMR (CD3SOCD3)
165.52 (COOH), 144.28 (C(1) of arom.), 138.60 (C(4) of
arom.), 133.83 (C(3) and C(5) of arom.), 127.11 (C(2) and
C(6) of arom.), 125.97 (=COH enol from), and 106.30 (ArC=
enol form). Found: C, 46.31; H, 2.51. Calcd for CoHe-
Cl20s: C, 46.38; H, 2.59.17

Preparation of 3,5-Dichloro-4-methoxyphenylpyruvic Acid (3).
To 13.6g of 4-methoxybenzaldehyde, 122g of sulfonyl
chloride was added by distillation and the mixture was al-
lowed to stand for 3d at room temperature. After the
sulfonyl chloride was removed by evaporation, the residue
was distilled under reduced pressure (2 Torr, 140°C) (1 Torr=
133.322 Pa). The yellow oil obtained, which solidfied into
white powder by cooling, was recrystallized from methanol.
Pure 3,5-dichloro-4-methoxybenzaldehyde (15 g, 73% yield,
mp 58—61 °C) was obtained as colorless crystals. A mixture
of 3,5-dichloro-4-methoxybenzaldehyde (4.3 g), N-acetyl-
glycine (4.3 g), and sodium acetate (3.1 g) was dissolved in
35cm3 of acetic anhydride, and the solution was warmed
on a water bath for 2h, and then cooled. A 1:1 mixture
of water and petroleum (10 cm3) was added and the result-
ing precipitate was triturated, filtered, and dried. Recrystal-
lization from chloroform gave 1.98 g (18.3% yield) of pale
yellow crystals of 4-(4-methoxy-3,5-dichlorobenzylidene)-2-
methyl-5-oxazolone (mp 190—195°C). The oxazolone
(1.5 g) obtained was dissolved in a mixture of acetic acid
(40 cm3) and 6 mol/dm? hydrochloric acid (14 cm?), and
the solution was heated at 140—160°C under reflux for
2h, and then the mixture was allowed to stand overnight
at room temperature. The resulting white precipitate was
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filtered, washed with water, and dried. Recrystallization
from acetic acid gave 0.89g (64.5% yield) of 3 (mp 190
°C): IR (KBr disk) 3460(OH), and 1685(C=0) cm™%:
1H NMR (CD3SOCDs3) 9.80 (2H, br, OH), 7.84 (2H, s, arom.),
6.33 (1H, s, ArCH= enol form), and 3.79 (3H, s, OCH3);
BCNMR (CDsSOCDs) 165.7 (COOH), 149.9 (C(1) of
arom.), 143.3 (C(3) and C(5) of arom.), 133.2 (C(4) of
arom.), 129.2 (=C-OH enol form), 128.1 (C(2) and C(5)
of arom.), 106.3 (ArCH= enol form and 60.6 (CHsO).
Found: C, 45.54; H, 8.30. Calcd for Ci1oHsCl204: C, 45.63;
H, 3.04.®
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