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ABSTRACT

Maximum orightness and efficiency of the chemiluminescent
autoxidation of indoles in basic .olution in polar arrotic sol-
vents is found for the S5- and 6-substituted skatoles. 2,3-Di-
methylindole-5-carboxylic acrid gields greater peak brightness than
skatole at the standard 5 x 107°M concentration in DMSO, although
with lower efficlency than skatole., The fluorescence spectrum of
a basic solution of orthcacetamidoacetophenone, in DMSO, matches
the chemiluminescence emission spectrum of 2,3-dimethylindole 1n
peak wavelength and contour.
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~I. INTRODUCTION

The obJjectlive of this research 18 the discovery of bright
chemiluminescent reactions sultable for development into practi-
cal fleld systemo. The previous repcrts in this serles have out-
lined the resaults of a survey of *re chemlluminescent autoxidative
- reactions of a number of different functional classes of organic
compounds in basic sclution in polar aprollc sclvents.

e B T

- In this report the major emphasis 1s °n the chemiluminescence
of substituted indoles. A survsy has been made of the influence
of substituents on the chemilumlnescence parameters for commercially
avallable compounds. A few structurally significant indoles nave
been synthesized. VPC analys¢s have been cconfined to determina-
tions of related compound purities.

A principal result of thls study has been the identificaticn
of some classes of subsiituen*s and substitutional positlons which
promote chemiluminescence brightness and efficiency in the autoxi-
dation of indole and the *dentiflcation of a group of indoles with
chemlluminescence peak brightness or efficlency of the order of
skatole. The compound 2,5~limethylindole-5-carboxylic acid has
been synthesized and has been founa to poSsess greater pcak emis-
sion brightness than skatole at the standard & x 1073M concantra-
tion.

For several of the better 1indoles, brightness and efficlency
perameters have been obtalned as a function of concentration and
gsolvent, The chemiluminescence and fluorescence spectra have been
determined for additional indoles and the fluorescence spectra of
some possible reaction products have been d=termined. The fluores-
cence spectrum of one peak reactlon product has been shown to match
the chemiluininescence emission spectrum of 2,3-dimethylindole in
peak wavelength and contour.

Preliminary experiments are repor‘ed on chemiluminescence
spectral shifts observed in the oxidation of lucigenin adsorbed
on silica.
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II. CHEMILUMINESCENCE CF INDOLE DERIVAT.VES

A. MONOSUBSTITUTED ALKYL INDOLES

70 obtain a raticnal basis {or the structural optimization
of the chemiluminzscence cf the indoles, we have compared the gross
reak brightness of {he seven monomethyl compounds and of 3-ethyl-
indole, The results obtalned are summarized in Table 1. VPC anail-
yses of the compounds were performed with emphasis upon determina-
tion of the skatcle content. Correciion: were applied for the
skatole impurity assuming additivitily of the peak brightness at the
observed peak. Compared tc irZole, the 5- and 6-methyl compcunds
reveal large figures-of-merit (FM), about an order of magnitude
below that of skatole. These large FM values are due largely, how-
ever, to long emission decay times rather than to nigh brightness.
The skatole impurity content of T-methylindoie was not determined.
Both the internal evidence (decay time and brightness) and the be-
havior of polysubstituted indoles (see following) lead us to sus-
pect skatole contamiration at the 0.3-C.5% level., Thus, again
compared to indole, the 4- end 7-substitutions have only & very
modest effect on the chemiluminescence, Both 1- and 2-substitution,
on the other hand, depress the chemiluminescence markedly. The
r~havior of the N-methyl compound is, of course, of special 1interest
since the very low brightness implies that the probable initial step
in the orxidation 1s proton removal, in analogy to the luminol reac-
ticn {(ref. 1).

Tt 18 clear from these results that the 3,5- and 3,6-dimethyl-
indoles and 3,5,6-trimethylindole should be investigated. To ob-
tain a standard skatole sample the commercial (+sK) material wasz
purified by zone refining (70 zone passes). The apparent 50% in-
crease 1in efficlency over the stock skatole 1s not considered Lo
be significant at present since wide variations have been observed
in previcue comparisons made at long intervals (3see concentration
dependence section following).

B, INDOLES WITH OTHER SUBSTITUENTS IN THE BENZENE MOIETY

With the exception of 7-azaindole, all the compounds listed
in Table 2 are 5- and 6-substituted. In large part, this reflects
the avallability of the materlals., We have attempted to determine
the chemiluminescerice of 4~ and 7-benzyloxyindole,but to date have
found such extreme varlability that the results are not interpret-
able,

The outstanding indeciecs 1in this group are the 5-cyano and 5-
carboxyl and the 6-benzyloxy and 6-methoxy compourdas, all of which
are characterized by long decay nalf-lives rather than by high
brightness, The 5-nhalogens snow increasing efficiencies with de-
creasing electronegativity. 5-Bromoindole indeed possesses the
long decay time of the more efficlent members of this class but
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Table 2
CHMILUMINESCENCE OF INDOLES WITH SUBSTITUTED BENZENE MOIETY

ime to Ty/9 of Figure
Compound and Peak Qp Current Ca Peak Op Peak of
Structure 1/1q 8rc 820 Marit
5-Fluoroindole -
F 6 x 107*% 70 200 1.2
gw
H
5-Chloroindole -
Cl_ O , @.6 + 1.cn0°* 53 T2046C 18.7
R
5-Broindcle
Br - 5
7 ' (1.7 + 0.3)1C7" 255 6.4 x 10 88
A3
6-Nitroindole
rﬁt:j 2 x 107% 15 18 3,6x107°
OQNlQ"
1
H
T-Azaindole
@—3 (4.8 +0.6)1072 66 (9.141.2)10® 4.4 x 102
N
)
H
5-Cyanoindole
CN
N
)
H
S-Hydroxyindole
HO =
2.6 x 1073 360 1.5x10% 3.9

==

)
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Table 2
{Continued)
Time to Tl/ of Figure
Compound angd Peak Op Current Og Peak 0 3eak of
= Structure Q sec sec Merit
» S-Methoryindole
CHaO -
_ 3 1.5 x 1072 - 120 1.6
! o
[}
H
5-Banzyloxyindole
P-ClaO == 0.1 40 600 éc
§
R

6-Methoxyindole

OI:::I:'Q 0.5 = (0.441.4107% (3,240,8)10°
OHa g

6-Brnzyloxyindole

@-CHa O\
|
H

5,6-Dibenzyloxyindole

#-CHa
“3 0.38 40 1260 480
@-CHa0 N
f
H
5-Aminotndole 1.1 - 13 1.4

HaN : g)’
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at much lower brightness. The 6-nitroindole compound is found to
be the least efficlent of the indoles, as may be expected from tne
Known pgor flucrescence efficlency ¢f nitro-substituted compound:

\ref. 2.

C. INDOLES WITH OTHER SUBSTITUENTS IN THE PYROLE MOIETY

Substitution at the 2-positicn ¢f an indole derivative reduces
the chsmiluminescence efficiency markedly 1in all compounds investi-
gated,

A relatively large number of 3-substituted indoles, particu-
larlyv sks cie derivatives of structure,

CHoR
R&_{EEEI:;]I—P 2

H

have been investlgated. The results are presented 1 Table 3 and
are summarized in order of peak brightness in Table 4a and in order
of figure-of-merit in Table 4B. The data generally support the
conclusions derived from the monomethyl indole study.

Although quantitative analysis of substituent effects 1s not
feaslble, since most compounds of this group are of unkno/m purity,
the qualirative effects are consistent for the brighter species.
Thus, 5- and 6-substitution by methyl, methoxy and benzyloxy radi-
cals increases the chemlluminescence efficiency of the indole-3
acetic acid, as does 5-carboxyl substitution. Similar effects are
observed in tryptophan On the other nhand, 5-substitutiun °f
amino or hydrcxyl groups leads to marked reduction in efficiency.

The effects of 3-substitution are both extremely marked and
complex. Thus tryptoghan 1s far less efficient than 3-ethyl in-
dole, but indole -3-acetic acid 1s an order of magnitude more effi-
cient than tryptophol.

The brightest indoles are all 3-substituted. Since 2-substi-
tution reduces both efficiency and ._rightness, an obvious candidate
for a brighter and more efficient indole 1s 3-methylindole-5-car-
boxylic avid. A thorough investigation of the 3,5,6-indoles as a
class 18 clearly desirable.

A number of related heterocyclic compounds have teen investi-
gated with no outstanding candidates found. These esults are
given in Appendix I, together with the results for additional com-
pounds included in the chemilum’inescence survey.

* A valid comparison cannot bte made for the very weak N-methyl vs

1,2-dimethylindole, since impurlty effects are clearly predominant,

8]
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Table 4a

1 ..BULATION OF BRIGHTER CHEMILUMINESCENT INDOLE DERIVATIVES --
IN ORDER OF PEAK GROSS BRIGHTNESS

Compourd 1/1
1. 2,3-Dimethylindole-5- 134
carboxylic acid
2. 3-Methylindoie 84
3. 2,3-Dimethylindole 60
4L, 5-Methoxyindole-3-acetic acid 45
5. 5-Fenzyloxyindole-3-acetic acid 41
6. 5-Methylindole-3-acetic acid 25
7. 3-Ethylindole 20
8. 2,5-Dimethyl-3-propyl, tech. 17+
9. 2,3,7-Trimethylindoie 14
10 Indole-3-acetic acid g

* Crude sample.

14
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Table 4b

opine SR .|

TABULATION OF BRiGHIER CHEMILUMINESCENT INDOLE DERIVATIVES --

IN ORDER OF FIGURE-OF-MERIT

=

'l Compound FM x 107°
1. 3-Methylindole 26
t] 2. 3-Ethylindole 13
. 3, 2,3-Dimetphylindcle-5-carboxylic acid 6
4, 5-Benzyloxyindole-3-acetic acid 6
5. 5-Methoxyindole-3-acetlc acid b,5
6. 6-Benzyloxyindole® 4
7. Ethyl-2,3-dimethylindolie-5- L,2
carboxylate
§. Indole-5-carboxylic acid* 2.8
9., 2,3-bimethylindole 3.6
10. 6-Methoxyindole* 3.2

* Compounds wlth average emission decay times of the
order of one hour. With the exceution of indole-
5-carboxylic acid, individual decay times are highly
irirezproducible.

¥
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ITI. INVESTIGATION CF INDCLE CHEMILUMINESCENCE

A. J3OLVENT AND CONCENTRATION EFFECTS

We previously reported on the chemiluminescence pesk tright-
ness of skatole as a function of concentration in DMSO and DMF
(ref. 3). These data have been extended and re-evaluated, The
concentraticn dependence of the peak brightness is given in Flg-
ure 1 for skatole in the above solvents and in HPT (hexamethyi-
phosphorictriamide ), and for two additional indoles in DMF. These
data are presented as the figurevof-merit/mole In Figure 2. This
parameter 1s approximately related to the quantum efficilency of
the reacticn assuming that the emission spectrum and the order of
reaction are congtant, which 18 roughly true in the low concentra-
ticn reglons (see following sections). The optimum concentration
for the brighter systems 1s clearly abocut 1072M.

The emission decay times have been observed to be highly
irreproducible and apparently unpredictable functions of concen-
tration for a given indcle. For skatole in HPT we find the emis-
sion decay half-1ife to be a decreasing function of concer .ratlon;
it 1s an increasing function in DMF and in DMSO a functicn with a
maximum (Table 5). Both indole-3-mcetic acid and 2,3-dimethylin-
dole &lso show decay time maxima in DMF. However, since the c¢cb-
served maximum devi. tion of a single value is of the order of the
total Increment ohserved, we do not consider the results Jdeflini-
tive. As may be seen from Table 5 the regular family of curves
in Figure 2 1n part refiects the relatively small increment ip
tiy/. over the concentration range studled. Only for skatole in
DMF 18 the maximum ratio as great ac a factor of two.

As pointed out by Lee and Seliger (ref. 4), the observed
rates of chemlluminescent reaction are subject to large variations
presumably as & result of trace impurilty catalysis, although the
integrated emlssion, at least for luminol, 1is constant, We have
attempted to incorporate a first order correcticn to this effect
by use of the filgure-of-merit, but propose 1n future phctometry
to measure the integrated emission directly. Greater precision
could alsu be obtalned by determinat.on of the half-lives from
kinctic analysis where simple rate law behavior 1s observed,

We have examined the chemiluminescence parameters of some
representative indoles in HPT with the resuits given in Table 6.
The very large variation observed 1in the figure-cf-merit ratio
between HFT and DMSC, for different indoles, although diffienlt
to understand, suggests that further work 1n HPT 1s desirable to
confirm and extend the above results.
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Skatole in HPT
2,3-dimethylindole in DMF
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Figure 2. Concentration Derendence of Figure-of—Merit/mole
for Several Indoles
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Table 5

OBSERVED EMISSION DECAY INITIAL HALF-LIVES

Compound
Skatole

Skatole
Skatole

c,3-Dimethylindole

Indole~3-acetic acid

e &t tiye at Tip
Low Conc., High Conec., Ma ximum
seconds seconds Ubserved,
Solvent b X 10=4M A7 x 1072M seconds
DMSO 240 200 P35
HPT a25 765 -
DMF 240 450 -
(10-3Mm)
DMF 50 55 Lo
DMF 640 - 540 900
(at 10 2mM)
19
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Tabie 6
CHEMILUMINESCENCE PARAMETERS OF SOME INDOLEBS IN HPT SOLVENT

Indole Concentration: 5 x 107*M
Bage Concentration: 0.1M

Pigurs-of -Merit
Time to tie of Figure-of - in DM30
Peak Og Current Op Peak, Oz Peak, Merit, Flgure-cl-Merit

Sompgund ang Structure I/1s seconds seconds seconds in HPT
Indols® 2.2 42 60 132 0.1*
L-Tryptophan 0.1% 300 1840 216 0.5

@ H,-FH-COOH
P

5-Cyvanoindole 8.2 £ 1.8)10-* 3G x 30 430 £ 290 3.0 £ 1.6 (2.8 #1.5/10"
op
Indole-5-carboxylic Acid 4.6 x 10°2 48 180 8.3 2.1 x :0?
HGC
\
H
Indole-2-carboxylic Acid 8.4 «0 40 336 <.5 x 1072
::gl COOH
5-Methoxyindoie 6.4 2 0.2 L0 & 10 33 265 4 34 6.4 ¢ 0,3'1¢7°
CHA0 _
1,2-Dimethylindole 8 x 107* 240 360 0.8 10

o,

* Datum corrected for 0.1% skatole impurity; 99.7% pure by VPC analysis.
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B. THE MECHANISM OF INDOLE OXIDATION

1. General Background

The 1identiiication of the light-emitting species in the in-
dole chemiluminescence reactlon would greatly aid attempts to op-
timize the system. A number of references relating to the oxida-
tion of 2,3-disubstituted indoles have appeared in the literature
during the past fifteen years. The wcrk of Robertson {ref. 5-7)
and Witkop (ref. 8 and 9) 1s especially pertinent.

While none of the literature work relates to reactions in
dimethylsulfoxide scolutlion, the reaction products that were iden-
tifled give clues to the types of reactions that might take place
in our chemiluminescent system. A summary of this literature work
is given below In Figure 3.

2. Discussion

From data available in the literature, several compounds
emerge as candidates for the chemiluminescent species 1iu indole
oxidation reactions,

The excited state of o-acetamidoacetophenone (H) must be con-
sldered as the prime candidate for the light emitting specles in
the 2,3-dimethylindole (F) oxidation reaction. The fluorescence
emission of (H) in basic dimethylsulfoxide solution corresponds
closely to the chemiluminescence emission of (F) (see Section
III.C). This type of intermediate might explain the difference
in light emission between compounds (A) and (F). While (F) forms
a dicarbonyl derivative (K) which 1s aralogous to (H), (K) reacts
to produce compound (C) (ref. 7, 8); (H) apparently does not react
further (ref. 7). 1In addition, the anion of {H), lcompound (L)]
has a structure that is very similar to (M), the anion which is
postulated to be the emitting specles in the lophine chemilumines-
cence reaction (ref. 10).

O-Formamidoacetophenone, the skatole intermediate analogous
to (H), 1s currently being prepared as a further test for this
type of 1intermediate.

1

C

7\
;q\:t

N ﬂ\
C==(C C ==N
Hsc-q—N/ \? —CHa fb—-@-——N’/ Nc—
C) o ) 5
(L) (M)
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Tetrahydrocarbazolyl hydroperoxide (B) and 1ts 5-carbomethoxy
der vative glve off flashes of blue and green llight when thermally
decompcosed., This indicates that the erergy avallable from perox-
1de decomposition is of the proper magnitude tc be detected as
visual chemiluminescence. 4he fact that tetrahydrocarbazole (&)
1s not chemiluminescent under our reactlon conditions may be due
to the facile “ormation of nonfluorescent products such as (C) 1in
solution.

Finally, the ¥-indoxyls (D aud J) should be consldered as
possible chemiluminescent intermedlaves. Thnils type of compcund
is known to be formed from 2,3-disubstituted indocles under basic
autoxlidation conditions. These compounds are noted for thelr in-
tense green fluorescence in solutlion (ref. 5-7). Since the 1n-
doles chemlluminesce in the green reglon of the visible spectrum,
the excited state of (J) 1s a possibility for the chemlluminescent
specles in the oxidation or 2,3-dimethylindole (F

While 1t 1s temptiing tc postulate detalled reaction mechanisms
to explaln the cbserved substituent effects, we feel that this
speculation should be deferred untll most of the proposed ilnterme-

lates are examined experlimentally. Compounds G, I, and J aie
currently being synthesized tc test the above mentionel hypotheses.

C. CHEMILUMINESCENCE AND FLU.lESCENCE SPECTRA OF THE INDOLES

The 1ndoles for whilch chemilumirnescence spectra have been
determined are glven in Table 7. The emission spectra peak 1in the
green at about 500 nm. The fluorescence peak waveirengths of the
parent 1ndoles are in the near ultraviolet at about 350 nm. Addi-
tion of base produces a rather large shift to the red of the order
of 50 nm (with the exception of 7-methylindole). In all examples
the resulting anlon fluorescence peak 1s 50-100 nm below the chem-

luminescence peak wavelength.

The fliuorescence spectra of oxldized solutic s of skatole and
2,3-dimethylindole (ref. 3) possess emission bands which corres-
pond to the chemlluminescence emission spectra in shape and peak
wavelength (Figure 4) indicating that for these compounds the
emlttor specles 1s reasonably stable to further oxldatlion. The
uncorrected flucorescence spectrum of base-free skatole in DMSO
peaks at 350 with a shnoulder at 370 nm. The corrected spectrum
(relative phc-.ons/cm™*) peaks at 350 nm and eliminates the shoulder.
During the course of the oxldatlon of skatocle, the anion fluores-
cence at ca. 420 nm is obcerved to diminish in intensity, and the
intensity at ca. 490 nm increases.

The overall cxidation reactlon may be formulated as Shown
below, where several reactio: steps are required for the produc-
tion of the latermedlate symbolized as X.
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The flucrescence emission spectra of several possible oxlda-
ticn products of the indoles have been obtained 1n an attempt to
identify the emitting rnecies. The observed emission peaks are
given in Table 8. One or the products isclated from the aqueocus
persulfate oxidatisrn of indole vas anthranilic acid (ref. 11).
Tie fluorescence of the anion o. anthranilic acic in DMSC-0.1M t-
butonlde peaks at a wavelength 20 nm tc the blue of the indole
chemiluminescence. The fluorescence spectrum of the oxidized
solutior. does not reveal the 471 nm band characteristic of thils
anicn, ruling out this species.

The peracetlic acld-hydrogen percxlde oxidatlon of skatole
and tryptophan ylelds &s reaction products 3-methyloxindole and
{-oxytryptophan, respectively (ref. 12). The fluorescence peak
for oxindole arnion 1s, however found approxima .ely 100 nm to the

lue relative to the chemiluminescence peak of indole.

The oxidatlve ring cleavage product of sketole 1s ortho for-
mamido ecetophenone (see following section). We have determined
the flucrescence spectrum of the related compound, ortho amino
acetophone. Both neutral and basic sclutions of this compound
peak at 454 nm. In the basic solution a shoulder appears at ap-
proximately 510 nm. At present, 1t 1s not clear whether or not
this spectrum 1s produced by the original specles., The fluores-
cence spectra of the anion will be obtalned as a function of con-
centration to resclve the problem and that of 1its formyl deriva-
tive.

A possible oxidation product of 2-methylindole 1s N-acetyl
anthranilic acid. However, the peck of the fluorescence spectrum
of the anion of this acid 1s at 448 nm or to the short wavelength
side of all the chemiluminescence gpectra of the indoles.

The oxidative ring cleavage product of 2,3-dimethylindole 1is
orcthoacetamidoacetophenone. We find that the fluorescence of the
basic solution of this compound in DMSO peaks at a wavelength of
516 nm. There is excellent agreement between tne contour of the
fluorescence peak and the chemllumineascence emission from 2,3-
dirmethylindole (Figure 5). The inference, of course, is that the
chemiluminescence results from the {ormation of the acetophenone
product in the excited state.
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It 18 of interest to note that 3-e¢thylindole, unlike skatole,
does not show a 3table oxidztion product fluorescence. However,
for reasons which are not known, the skatole product fluocrescence
was not noted until the oxidation was repeated with the zone-
refined material.

D. CHEMILUMINESCENCE DECAY KINETICS

We have examined in a preliminary way the kin»tics of some
che allumineccence decaysas determined from gross brightness photom-
eter tracings. In general, the recordings do not axceed one half-
ife in duration ard any conclusions drawn must be taken as tenta-
tive since 1t 1s recognized that unless apparent resction order 1is
maintuined over several half-lives trivial fluctuations can easlly
lead to improper 1dentificaticn.

Random selection and analysls of a dozer decay curves gave
the results shown 1in Table 9. The decay 1s found to be linear in
ti.ree examplee, exponential 1in six, and corrc¢sponds to no simple
analytical function in the remaining three. Th2 skatole rewults
are of particular interest since they would imply a change of
reactlon order with concentration if confirmed. This result 1s not
at all surprising for the postulated consecutive and parallel
reactions that must occur in the indcle cxidation (ref. 13).

The peakh emission decay (initial) half-lives listed in t.e
last column are derived from the fltted functivus and are, there-
fore, more reliable averages than the values given 1n tables of
chemiluminescence parameters. They are, however, gcnerally smaller
values than the "experimental" results. “n part this results from
the fact that the "kinetic" times are true decays from established
steady state concentrations by the nature of the fitting process;
that 1s, simple exponential decay dces not occur from the observed
peak of the brlghtness curve.

Figures 6 and 7 give examples of the expcnential and linear

decay curves observed. The plotted pcints are evenly spaced val-
ues read off the photometer tracings.
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r
Table &
DECAY KINETICS OF INDOLE CHEMILUMINESCENCE
Cone., Decay Rate tye,
compound mol~r Run No. Function Constant geconds
Indole-3-acetic 5x 107  €-21-4 I = Ioe-®* 2.9 x 1073 240
acid
L-Tryptophan 5 x 1073 5-26-1,2 I = I,e~Kt (1.840.02 107 %83ec™?, L4344
2,7-Direthylindole 5 x 10°° 7-22-1,2 T = Iea-"t (1.8340.07 )10-28ac=3, 384}
¥-Ethylindcle S 41070 B-4-1,2 I = Ioe K" 1.66£0,9)10 %sec™®, 41 422
I.Methylindole 6.6 x 162 3-5.¢ 0o g 2.9 x 10-3gec-? 240
3-Methylindole 2 x 1072 3.5 I v Iee-¥t 2.0 x 10"%gec": 342
3=-Methyilndole 10-2 3-5-2 indeterminate - -
5-Methylindole 2.2 x 10°3 3.3 I = -Iokt 1.1 % 10°% amp/sec Bl
2,3=-Dimethylindcle & x 17 3 L.osr I = -Igkt 5.1 x 1072 amp/se~ 3
2,3-Dimethylindole 1.885 x 10°? [-14-2 I = -Iokt 1.05 x 107% amp/sec bl
in DMF
5-Benzyloxy-indcle- 5 x 10°3 {=27 indetermi wte -
3-acetic acid
2,3, 7-Trimethy’- £ x 1072 5=18+1,2,7 ‘adeterminate - -
indole
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IV. HETEROGENEOUS CATALYSIS

A. INTRODUCTION

Several prellrilnary exzerimcnts have been performed to initi-
ate the 1nvestigation of heterogcneous catalysls in chemllumines-
cent recctions.

B. EXPERIMENTAL

A simple, qualitative procedure was used to measure chemi-
luminescence emission resulting from the oxldatlon of luminol and
lucigenin catalyzed by silica gel G. Sheets of sillica gel were
prepared by coating the gel on glass slides. The slides were
dipped 1n a water-silica gel slurry and were alr-dried at room
temperature. Methanol solution of the organic compound was sprayed
from an atomizer onto the silica gel and drled. The base and ox1-
dant, 1f any, were sprayed independently on the dry slides.

The chemllumlnescence of the base catalyzed peroxidation of
lucigenin was observed (Table 10). The blue-green emission ap-
peared uporn sSpraying of the final reaction component. The silica
gel was wet during the course of the chemiluminescence, permitting
the components (except for the solid substrate) to diffuse toward
each other in the liquld phase. Tne decay of the light intensity
was measured photometrically. The tine requlred for the intensity
to diminish to one h.1f of 1ts value was on the order of t ree
mirutes. The decay does not obay simple first order, second order
or nonintegral order kinetlics.

The chemlluminescence spectrum of the lucigenin oxidation in
homogeneous ethancl solution 1s a broad, structured band between
420 nm and 490 nm (Figure 8). The emission from silica gel is
shifted to the red, glving a broad band peaking at 505 nm. Simi-
lar emission spectra are obtained with either ammonlia or sodium
hydroxide. The oxldation of lumlnol by potassium tertiary butox-
ide and oxygen does not lead to chemiluminescence in the system
investigated. Thils quenching of chemiluminescence upon adsorption
on silica has also been observed for the® indoles. Quenching of
the fluorescence of the parent compound upon abtorption also occurs.
This 1s, presumably, the key factor in the quenching of the chemi-
luminescence.
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CHEMILUMINESCENT REACTION ON SILICA

Organic

Compound
Lucligenin

Lucigenin

Luminol

Base

2M NaOH

4M NaOH

0.05 to 0.1M
K+ttBuo-,
DMSO solution

Table 1C

Oxidant

1% Ho 0o
in ethanol

10% Ha0>
in ethanol

Oz
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GEL ADSCRBENT

Chservatlon

blue-green
chem!llumlinescence

decayed to one half
peak intensity in
210 seconds

no chemlluminescence




Relative Emission Intensity, vhotons/sec-cm™?!

(@]

A 1 L 1 ! | 1 1 L l |
420 440 U460 480 500 520 S5O 560 580 600

Wavelength, nm

A = 10™3M Lucigenin, 4% Ho02, 5.8M NH OH in Ethanol
B = Lucigenin, 2M NaOH, 30% HaOa2 &beorbed on Silica Gel G
C = Lucigenin, conc. NH4OH, 30% Ha0a atsorbed on Silica Jel

Figure 5, Chemiluminescence Spectra of Lucigenin in Ethanol
Sclution and on Silica Gel
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V. INSTRUMENTATION

A. INTRODUCTION

The determinatlion of the absolute {luorescer~e spectra, quan-
tum ylelds, and brightness of chemiluminescent reactions reguires
calibratior. of the spectral sensitivity of the spectrometer. We
have performed a relative calibration of the spectral sensitivity
of our spectrometer in the near ultraviolet and visible spectrum
by comparilscn to fluorescence standards.

B. EXPERIMENTAL

The f{luorescence standards were selected from the literature
(ref. 14, 15) to cover the spectral range between 320 nm and 660 nm.
A low-pressure mercury lamp was used as the excitation source,
oriented at a 9C° angle relative Lo the spectrometer.

The conditicns under which the fluorescence standards were
used is glven below:

(1) 5.0 x 107*M Naphthalene 1in ethanol} M.C.B., recrystallized
from ethanol, mp 79-80°C; spectral range 224 to 370 nm (ref.
14); 254 nm excitation.

(2) 4.3 x 107%v Anthracene in ethanol; Eastman Kodak blue-violet
fluorescent grade, used without further purification, spec-
tral range 370 to 400 nm \ref. 14); 254 nm excitation.

(3) 1107*M Quinine Sulfate in 1IN sulfuric acid; M.C.B., mp 229°C;
(The sulfate was used without further purific tion.3 Spectral
range 400 to 500 nm (ref. 15)3 3130 and 33%0 A excltation*,

() 1 x 107%M N,N-Dimethyl-m-nitroaniline in 30% by volume fluo-
rescent grade benzene and 70% bv volume of M.C.B. spectro-
grade heptane**, spectral range 500 to 660 rm (ref. 15);:
3130 nm and 3330 nm excitation.

The emisgsion spectrometer 1s a Mod 17C0 Spex Czerny-Turner
scanning spectrometer, equipped with a 1200-groove/mm grating

* The literature mp 1s 235.2°C. The lower melting point 1s at-
tributed tc the presence of water of recrystallizatlion, c.f. mp
of quinine gsulfate -2H0 1is EO5°C.

*+ M.C.B. spectrograde hexane contalned some trace amount of
fluorescent material and was not used. Lippert reports the
spectrum in this solvent but the spectrum will be similar in

heptane.
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blazed at 5000 £, and an E.M.I. 9558Q photcmultiplier. The emit-
ters are choaen 82 that the wavelength of eacn spectrum is over-
lapped by the adjacent spectra, permitting a contlnucus relative
spectral sensitivity calibretion, The sensltivity of the instru-
ment 1s obtaivned by taking the ratio of the observed photocurrent,
measured In microamperec, at a wglven wavelength and bandwildth, to
the true relative spectral distributlion of tne emitter in units =o°
photons/unit frequency Interval. To obtaln the relative gensiti-
tivity, the ratio at 376 nm was defined as un!ty. The sensitivi-
tles at the wavelengths where the anthracene intensity crosses
raphthalene and quinine sulfate were calculated, and the relative
sensitivity continued as & smooth function through the wavelengths
of these emitters.

The relative sensitivity function obtaired 1s shown in Fig-
ure 9. The curve 1s cheracterized by two maxima, at 376 nm and
at 441 nm. The spectral range ccvered by each compound 1s desig-
nated in the legend,

The wavelength of the excitlng source was chogen az to be
near the maximum of the absorpticn band. This selection snculd
reduce the effect of traces of [luorescent impurities. The con-
centrations were chosen to minimize the effects of self absorp-
tion. The gross features of the sensitivlity function resemples
the reported quantum efficlency curve of the photomultiplier in
the blue and that reporied by Parker for a similar system (ref.

16).
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VI. FUTURE WORK

Synthesiszs of a number of probable intermediates 1In the oxida-
tion »f Z-methyl and 2,3-dimetnylindoles will be carrled out, and
the prope: 'les of these compounds investigated. The hydroperoxides
and other reactive Intermediates will be examined as possible can-
didates for chemiluminescent reactants of high brightness and
efficlency.

Synthesls of 3-methylindole-5-carboxylic uacild, and possibly
other 5,6-substituted incoles, will be undertaken in the continu-
ing effort to obtaln highly efficlent chemiluminescence compounds.
Research on optimum conditions for chemilumine.cence of the brighter
indoles will be contlinued, with emphasls upcn the 2ffect of sensi-
tizers, solvents, oxldants, and base strength.

The absolute callbraticn of the spectrometer will be carrried
out using Selliger's recent data for luminol as & secondary standard
(ref. 4#). The photometers will be provided with integrating cir-
cults to permit total emission comparisons in an attempt to improve
reproducibillity or the efficiency measurements.

A cell for counvenlent measurement of chemlluminescence param-
eters In heterogeneous reaction hss been designed. The catalyst
i1s incorpcrated in a porous Teflon membrane, permitting relatively
free access of oxygen to the catalyst-reactant soluticn interface.
The emission can be observed through a window parallel to the mem-
brane surface.
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APPENDIX I
» CHEMILUK.NESCENCE OF MISCELLAMEOUS COMPOUNDS
Time to
Peak Og Current 02 Peak T;/3 of Ca Figure of
Compcund and Structure Ratio I/io sec Peak sec Merit

a) Heterocyclic Analogues of Indzne

Benzcfuran 6 x 1072 15 35 2.1
d
Qe
X0
Benzimidazole 7.6 x 1074 30 120 9 x 1072
o
ﬂl
2-Methylbenzimidazole 1.3 x 1072 18 72 9.4 x 1072
X-cH
Lo 2
Benzoxazole 6 x 107? 22 72 0.43
Ney,
.
0/
2-Metnylbenzoxazole 5 x 1072 20 he 0.2
N
O3
o/
-3
Benzothiazole (2.649.6)10 15 k5 + 15 c.11
o
o
o2-Methyl-Benzothliazole 2 x10° 12 12 24 x 1077

@""c-cns
S/
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APPENDIX I {Continued)

Time to
Peak Oz Current Dp Peak Ti/g of Q2 Figure of
Compound and Structure Ratio I/1s sec Peak sec Merit
b) Pyrrcle Derivatives
2,5-Dimethylpyrrole 1.2 x 1072 6 52 .62
Hgd NLCHB
A
N-Methylpyrrole 8 x 103 15 20 0.16
l-g-]
Ha
1,2,5-Trimethylpyrrole s = 10 45 b5 x 1072
HacmCHs
L
2,4-Dimethyl-3-ethyl 3,2 x 0°3 60 90 0.29
Pyrrole
CHaCHa
HaC "l Ha
H
5-Phenyl-2-pyrrole 1.6 x 1072 8 9 0.14
Propionic acid
CH:CH:COOH
H
¢) Fluorene and Fluorenone Derivatives
-2
2-Dimethylamino (2.240.7)10 32 5+ 1 0.11
fluorene
N(CHs)a
o R
2-Amino fluorene 1.9 x 1072 26 11 0.21
©weo
H/C\H
44
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APPENDIX I (Continusd)

—

Time to
Peak O2 Current Qg Peak Ti1/a of Oa Flgure of
T Compound and Structure Ratio 1/Ig sec _F 1k sec Merit
4-Methoxyfluorene e.s +0.3) 10°% 17 66 + S 1.8
CHa
|
HP\H
2-Methylfiuorene B.k x 1072 30 10 0.84
H
3- Methoxyflucrene 0.4 + 0.15 26 + 10 10 + 7 h.2 + 3.6
oo
H’Q\H
1- Flucrene-carboxylic Acld 6 x 1072 24 20 1.8
or 10
H Hlooon
9-Fluorenone-1-carboxylic 3.4 x 1072 & 132 4.5
. hcid
. g COOH
i - -
4-Aminc-9-Fluorencne 11 x 1073 12 24 26 x 1072
o NHz
4 o
4-Methoxy-9-fluorenone 2.2 x 10 2 ok L 7,119
H OCH,
3
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APPENDIX I (Continued)

Time to
Peak Og Current Qs Peak Ty/a of Oz Pigure of
Compound and Structure Ratio I/Iq sec Peak sec Merit
2-Dimethylamino-9-flucr- 2.2 x 1078 17 24 0.53
enone
@8©‘N(CH,)=
d) Acyloine and 1,2-diketones
a-Pyridoin 2.3+ 0.3)10°% 31 417 341 6.4 + 1,2)10°%
! §"
QAR
6,6'-Dimethyl-2,2'qyridoin 3.9 x 107® 40 2 7 x 10°%
X §“
Qr 39
CHq CHa
Barium B.nzoln-),:—','- ~0-6 X 10-3 <5 ~10 ~6 X 10-3
Disulfonate
? gﬁq
0 50
s \Ba / 3
2,2'=Pyridyl 1.4 x 1072 12 3 4,2 x 1078
Cn ’ '@
6,6'-Dimethy1-2,2'-pyridyl 1.2 x 107° 6 3 3.6 x 1073
-1-4HQ)
CAs CHs
"6

i 8



T I
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APFENDIX I {Continued)

Time to
Peak Op Current Op Peak Ty/g of Ca
Compound and Structure Ratio I/Ip __bec Peak sec

e) Compounds Containing &a Olefinic Linkage

Sorbic Actd 1.8 x 1072 10 20
GHaCHmCH-CH= CH=-COO0H

Tetracyancethylene 4.8 x 1072 5 10
CN CN
i
C el
[
CN CN

Allyl benzene 1.7 x 1073 »10 &30

H.c-cu-cu,@

Tetracyanoquino- 2 x 107*
dimethane (TCNG)

NC\COC:CN
nos NS Ny

f) ¥Miscellancous
N=chloruvsuccinimide 13073 25 120

HaC~CHa
SN-Cl
HaC-CHa

Cumene Hydroperoxide 5.4 x 107" 10 1

)
CH 3%0)4,
OH

Acenaphthene 1.4 x 107° 17 60

o

3.Aminoflucranthene 9.2 x 10
NHa

190 a4
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5.1 x 10”2
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APPENDIX II

ORGANIC SYNTHESIS

1. 2,3-Dimethylindole-5-carboxylic Acid

This indole was prepared in 30% overall yileld (three steps)
according to the procedure of Verkade and Lieste (ref. 17).

a. 2-(p-Carbethoxyphenyl )amino-3-butanone (1)

Alkylation of ethyl p-aminobenzoate with 3-bromo-2-butancne
In aqueous alcohol with sodium bicarbonate as an acld scavenger
provided I as & tan sclid ‘b6 ) after charcoaling and recrystal-
lization from dlethyl ether-petroleum ether (op 30-60°C)3 mp 72.5-
73.5°C.

b. Ethyl 2,3-Dimethylindole-5-carboxylate (II)

Reaction of I with the hydrochloride salt of ethyl p-amino-
benzoate (prepared by treatment of the amino ester with anhydrous
hydrogen chloride in absclute ethanol-diethyl etherj mp 206-208°C)
vielded II as a light tan solid (70%) with mp 109-111°C. Recrys-
tallization from dlethyl ether-petroleum ether (bp 30-60°C) raised
the mp to 114-115.5°C. No impurities were detected by VPC and NMR
analysis.

c. 2.3=-Dimethyl-5-carboxylic Acid

Saponificaticn of II with alcoholic potassium hydroxide, fol-
lowed by acidification, provided the acid as a tan solid in 33%
yleld with mp 237-239°C. Charcoaling and recrystallization did
not substantially chenge the mp (mp 238-239.5°C).

2. 3-Ethylindole

This compound was prepared in 66% yieid by the lithium alumi-
num hydride reductiorn; of 3-acetylindole according to the procedure
of Leete and Marion (ref. 18). The crude product was purified by
distillation (bp 83-84°C/13-14 mm); the distillate solidified in
the receiver to an off-white solid (mp 33-34°C; reported (ref.

19) 42°, (ref. 19) 33-35°C). The infrared spectrum was consistent
with the structure.

3, QO-Acetamidoacetophenone

o-Acetamidoacetophenone, mp 72-74°C (1it. mp 74-75°C) wae
prepared in 80% yield by the method of Lecnard and Boyd (ref. 20).
The formylation of o-aminoacetophenone 1is belng attempted by means
of a mixed anhydride acylation reaction (ref. 21).
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