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Abstract: Five alkyl derivatives of luminol (S-amino-2,3-dihydrophthalazine-1,4-dione) and two alky! derivatives of isolumi-
nol (6-amino-2,3-dihydrophthalazine-1,4-dione) were prepared and their chemiluminescence quantum yields were mea-
sured. Alkyl groups in the 6-position of luminol double the efficiency of excited state formation, whereas alkyl groups in the
S-position have little effect. A steric interaction of the alkyl groups with the adjacent carbonyl group is proposed to account

for these effects.

Since the discovery of luminol! (I) by Albrecht? in 1928,
much effort has been expended in an attempt to understand
the mechanism of hydrazide chemiluminescence and to un-
cover the factors governing the efficiency of light produc-
tion.? The early work of Drew revealed two substituent ef-
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fects on the light yield: (1) electron donating substituents
increase the light yield, substituents at C-3 and C-6 having
a greater effect than those at C-4 and C-5,4 and (2) substit-
uents on the heterocyclic ring as in III and IV prevent light
emission.’
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It was the application of the first rule which led to the
synthesis of hydrazides that surpass the efficiency of lumi-
nol.6 The most efficient cyclic hydrazide reported to date,
benzo[ghi ]perylene-1,2-dicarboxylic acid hydrazide, gives
a 509? yield of excited carboxylate ions and a 7% yield of
light.

The chemiluminescent reaction of luminol has been
shown to yield 3-aminophthalate ion (II) as the major or-
ganic product; the light emission results from aminophtha-
late fluorescence (eq 1).8 With the exception of phthalic hy-
drazide and its alkyl derivatives,® the light emitter in the
chemiluminescence of the cyclic hydrazides is the product
phthalate ion, which is produced in the excited singlet state.

By factoring out the fluorescence quantum yields (&¢) of
the emitting phthalates from the overall chemiluminescence
quantum yields (®cp) of the hydrazides (eq 2), it has been

b = q’rq)esq)fl (2)

shown that substituents have an effect on the fraction of
reacting molecules which end up in the excited state
(d,®es).'0 &, is the fraction of hydrazide molecules which
follow the correct chemical path to give the critical interme-
diate, and &, is the fraction of molecules of this intermedi-
ate which cross over to the excited state of the product. We
assume that &, = 1 because nearly quantitative yields of the

expected phthalate products are produced and because the
chemiluminescence quantum yields are measured under
near optimum conditions and are not very sensitive to the
concentrations of reactants (hydrazide, hydrogen peroxide,
hemin).!0

It has been shown that, in general, &.; and &, increase
as the frequency of the emitted light decreases.!® However,
luminol is about twice as efficient as would be predicted
from this relationship. Even more anomalous is 6-methyllu-
minol (Va), which is nearly twice as efficient as luminol but
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Va, R, = H; R, = CH, Via,R,=R, = H
b, R, = H; R, = n-propyl b, R, = H; R, = CH,
¢, R, = H; R, = isopropyl ¢, R=CH; R,=H
d, R, = H; R, = CH;0CH,
e, R =t-Bu; R, =H

which emits at a higher frequency.!® This paper covers the
effect of alkyl substitution on the chemiluminescence yields
of luminol and isoluminol derivatives in an attempt to un-
derstand this anomaly.

Syntheses

The hydrazides were all prepared by the action of hydra-
zine on an amino substituted N-methylphthalimide and the
latter compounds were prepared from the corresponding
N-methylnitrophthalimides by catalytic reduction (eq 3).

R (0] R (0]
H,, catalyst H,N,
N—CH, ——— N—CH, —
NO, 0 NH, 0

NH, 0

The N-methylnitrophthalimides were conveniently pre-
pared from the corresponding phthalic acids, the phthalic
anhydrides, or the diesters by heating them with 1,3-di-
methylurea (DMU). The N-methylphthalimides were used
because they are highly crystalline, they are quite stable to
acid and base (unlike the phthalic anhydrides or esters),
and they are readily converted to the hydrazides.
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The nitro-/N-methylphthalimide to be converted to 6-pro-
pylluminol (Vb) was prepared by a Diels-Alder reaction of
1,3-heptadiene with dimethyl acetylenedicarboxylate, aro-
matization by dehydrogenation with Pd/C, nitration with a
nitric-sulfuric acid mixture, and heating with DMU (eq 4).
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The imide to be converted to 6- 1sopropyllummol (Vc) was
prepared by a Diels-Alder reaction of 5-methyl-1,3-hexa-
diene with maleic anhydride, aromatization by bromination
and dehydrobromination, nitration, and reaction of the
product with DMU. Of the two methods of aromatization
used above, the dehydrogenation with Pd/C (eq 4) is by far
the easiest to use; however, it does not give good results with
the cyclohexene resulting from the Diels-Alder reaction of
maleic anhydride. The nitrations of the 3-n-propyl and 3-
isopropyl phthalates appear to give, almost exclusively, sub-
stitution in the C-6 position, unlike the nitration of 3-meth-
ylphthalic anhydride which gives ~20% of the 4-nitrated
product !0 in addition to the C-6 substituted product.

The nitro-N-methylphthalimide to be converted to 6-
(methoxymethyl)luminol (Vd) was obtained (eq 6) by re-
fluxing 3-(bromomethyl)-N-methyl-6-nitrophthalimide
(VIII) in methanol for several days. It was found that when
VIII was treated with sodium methoxide, it was rapidly de-
stroyed (the solution became bright red indicating a possi-
ble radical anion reaction) and none of the desired substitu-
tion product was formed. The bromination of N,3-di-
methyl-6-nitrophthalimide yields (by nmr) a mixture of
about equal amounts of starting material (VII), monobrom-
inated product (VIII), and what is probably the dibromi-
nated product (IX) from which the desired monobrominat-
ed product was separated by tlc.

The nitration of 4-zert-butyl-o-xylene, obtained by Fri-
edel-Crafts alkylation of o-xylene,-gave 3-nitro-5-tert-
butyl-o-xylene (eq 7). The position of nitration was estab-
lished by the meta coupling found for the aromatic protons
(2 Hz). This compound was converted to the known 5-ter?-
butyl-3-nitrophthalic anhydride!! by oxidation with nitric
acid. This anhydride was converted to the N-methylphthal-
imide and on to 5-tert-butylluminol (Ve) in the usual way

(eq 3).
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N, 3-Dimethyl-6-nitrophthalimide!? had been previously
synthesized by nitrating 3-methylphthalic anhydride, con-
verting the product to the N-methylphthalimide, and pur-
ifying the imide by crystallization from carbon tetrachlo-
ride.'® The carbon tetrachloride mother liquors contain
about equal amounts of the 6- and the 4-nitro-N, 3-dimeth-
ylphthalimides which can be separated by tlc, but it was
easier in this synthesis to reduce the mixture to the corre-
sponding aminophthalimides. Since 4-aminophthalimides
are, in general, less soluble than the 3- (or 6-) amino-
phthalimides, the desired 4-amino-N, 3-dimethylphthal-
imide could be readily separated by crystallization. Treat-
ment of the imide with hydrazine yielded hydrazide Vlc.

3-Amino-6-isopropylphthalic anhydride was prepared
from 3-isopropyl-6-nitro-N-methylphthalimide by: (1) hy-

N—CH;,
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N—CH, ——— 0 —
2. sublime Pd/C
No, O
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drolysis with aqueous hydrochloric acid and subhmatlon to
give 3-isopropyl-6-nitrophthalic anhydride, and (2) catalyt-
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Table I. Luminescence of Substituted Phthalic Hydrazides and the Corresponding Phthalic Acids

Chemiluminescence Fluorescence Mmax &2 of corr ®,s (value expected

Compound ®.p2? (eq 2) Amax (NM)a-¢ of corr phthalates phthalates Bos = Pou/Ppy on basis of Amax)®

I/ 0.015 423 0.30 0.05 0.023

Va’/ 0.028 405 0.28 0.10 0.019

Vb 0.017 408

Ve 0.012 403 0.13 0.092 0.018

vd 0.006 405

Ve 0.012 425

Via/ 0.0012 416 0.13 0.0092 0.01

Vib 0.0011 408

Vic 0.0006 410

= In aqueous 0.1 M K,CQ; solution initiated by 0.03 A hydrogen peroxide and 3 X 10~ A hemin. * Values were measured with respect
to luminol at 0.0125 (J. Lee and H. H. Seliger, Phorochem. Photobiol., 4, 1015 (1965)); precision is estimated to be -=107;. ¢ Uncorrected
value; actual value is slightly (<5 mm) to longer wavelength due to decay of light intensity during measurement. ¢ Obtained in aqueous 0.1 A/
K:CO; solution; values are relative to quinine bisulfate at 0.55 (W. H. Melhuish, J. Phys. Chesm., 65, 229 (1961)). ¢ Value interpolated from,
plot of &, vs. » obtained for a series of ““normal hydrazides™ (Figure 1 of ref 10). / Reference 10.

‘ic reduction of the nitro anhydride to the amino anhydride
(in the presence of a drying agent to remove the water gen-
erated).

Results

The chemiluminescence quantum yields and the emission
maxima of the hydrazides and the fluorescence quantum
yields and emission maxima of several of the corresponding
phthalates are given in Table I. The chemiluminescence
data were all measured under the same conditions using the
hemin catalyzed reaction with hydrogen peroxide in 0.1 M
aqueous bicarbonate solution.?2 The fluorescence data were
obtained in 0.1 M aqueous bicarbonate solution.

Discussion

The introduction of a methyl group into the C-6 position
of luminol (to yield compound Va) doubles the chemilumi-
nescence efficiency (&, Table I). Larger groups in the
same position (Vb-d) lead to lower efficiencies, however.
The substituent effect does not appear to be electronic in or-
igin in view of the trends in &., observed for compounds
Va-d and VIa-c (Table I). We believe that the effects at
C-6 are principally steric in origin (following discussion). A
tert-butyl group was introduced into the C-5 position of lu-
mino] (giving compound Ve) in the hope that this bulky
group would reduce quenching of the excited states by par-
tially blocking collisions involving interactions with the -
electrons. A similar blocking role has been proposed for the
phenyl groups in 9,10-diphenylanthracene.!? In the present
example no appreciable effect was noted, however (Table
I); apparently groups that extend further above and below
the ring plane will be required.

Since overall quantum yields (&) are products of sever-
al efficiencies (eq 2), substituent effects will not be readily
interpretable on this basis. Consequently, we have measured
&q for several of the hydrazides and have factored out &
(=@, Pes) from ®¢p, (eq 2). The fluorescence quantum yields
are also affected by substituents; 6-methyl-3-aminophtha-
late (from Va) has about the same fluorescence efficiency
as 3-aminophthalate (from I), whereas 6-isopropyl 3-ami-
nophthalate (from Vc¢) shows a decrease. This decrease in
efficiency may stem from the additional vibrational modes
available to the latter compound as well as from steric inhi-
bition of resonance of the C-1 carboxyl group by the isopro-
pyl group (see discussion that follows).

The efficiencies of production of excited states (®,) ob-
tained from eq 2 are listed in Table I; the 6-methy! and iso-
propyl compounds (Va and Vc¢) have about the same effi-
ciency (9-10%),'? which is approximately double the effi-
ciency found for the parent luminol (I). These values should
be compared with the entries in the last column of Table I

which lists the efficiencies expected for these compounds
based on a linear relationship between ®., and the wave-
length of light emission that has been found to hold for cy-
clic hydrazides free of steric complications.!%!4 On this
basis luminol (I) is about twice as efficient as predicted,
and the C-6 substituted compounds Va and V¢ are about
four-five times as efficient. Since the measured and expect-
ed values of @ are the same for isoluminol (VIa) (Table I),
the twofold effect observed for luminol probably stems from
a neighboring group interaction of the amino group. Intra-
molecular hydrogen bonding to the carbonyl group (XI)
0O
|
C\O_
0
I\
N
H” '\\H-"O
XI

would be expected to increase the planarity of the system
and increase the resonance interactions of the C-2 carboxyl-
ate with the ring. The hydrogen bridge illustrated in XI has
been implicated in the chemiluminescence of luminol in
aprotic solvents.'> We assume that similar interactions in
compounds Va and V¢ can account for a factor of 2 in @y,
Thus, of the factor of 4-5 separating ®eg(sound) from Peseex-
pected) for Va and Ve, a factor of about 2-2.5 remains. We
are inclined to believe that the remaining factor originates
in the steric interaction of the C-6 substituent with the car-
bonyl group at C-1, since the effect shows up for C-6 sub-
stituents but not for those at C-5. A twisting of the C-1 car-
bonyl group out of the plane of the aromatic ring could, in
principle, lead to a larger fraction of molecules crossing
over to the excited state surface if the geometry of the tran-
sition state leading from the critical intermediate to the
phthalate product were forced to resemble the excited state
more than the ground state species. Such a departure from
coplanarity could also explain the shift of the emission
wavelength to the blue range (423 nm for luminol and ~405
nm for Va-d; Table I). At the extreme limit of noncopla-
narity, the carboxylate group would be perpendicular to the
aromatic ring and not in conjugation with it. 2-Aminoben-
zoate, which lacks the carboxylate group at C-3 is a model

for this extreme limit; it fluoresces at 395 nm.!>
As expected, substituents in the 5-position show no ab-
normal steric effects; isoluminol (VIa) has a &, near that
predicted from its emission wavelength (Table I), and 5-
methylisoluminol (VIb) and 5-tert- butylluminol (Ve) re-
semble the corresponding unalkylated compounds (VIa and
I, respectively), in both the emission wavelength and &,;,. In

Brundrett, White /| Synthesis of Derivatives of Luminol and Isoluminol



7500

contrast, the &, of 3-methylisoluminol (VIc) is only about
half that of isoluminol (VIa). This decrease probably results
from a decrease in &p, since the wavelength of emission is
about the same as that of isoluminol (Table I). Steric inhi-
bition of resonance of the amino group by the methyl sub-
stituent,'® buttressed in this case by the carbony! group,'?
could lead to an effect of this nature.

The discussion above deals with the chemiluminescence
of the cyclic hydrazides in aqueous media. Preliminary evi-
dence indicates that similar substituent effects!® occur in
the aprotic system in which DMSO, tert- butoxide, antd
oxygen are utilized. The &y, of luminol (I) and 6-methyllu-
minol (Va) in DMSO containing 1 M tert- butyl alcohol,
potassium tert- butoxide, and oxygen are 0.013 and 0.043,
respectively. The & of the emitters in this solvent are (.10
and 0.19, respectively. Thus, the ¢ of Iis 0.13 and that of
Va is 0.23. Both I and Va emit at the same wavelength in
this solvent (475 nm). The increase in ®.; from I to Vu (a
factor of about 2) is the same as that found in the aqueous
system (Table I). If the substituent effects on & in the pro-
tic and aprotic systems are found to be similar for other
compounds, it would suggest that the final excitation step in
the two systems is the same despite differences in the initial
chemistry.

Several factors are thus-of importance in the design of ef-
ficient chemiluminescent cyclic hydrazides: the presence of
electron releasing substituents, avoidance of steric inhibi-
tion of resonance of these substituents, a degree of steric in-
teraction of other substituents with the carbony! group at
C-1, and emission at long wavelengths. In addition to these
factors, hydrogen bonding by an amino group ortho to one
of the carbonyl groups appears advantageous. More gener-
ally, the compounds should not be degraded by the reagents
used and they should be reasonably soluble in the reaction
media.

Experimental Section!?

Dimethyl 3-n- Propylphthalate. A mixture of 1,3-heptadiene (5.0
g, 52 mmol), dimethyl acetylenedicarboxylate (7.4 g, 49 mmaol),
and benzene (20 ml) was refluxed for 20 hr. The solvent was then
removed under vacuum. Then 10% Pd/C (0.1 g) was added to the
resulting oil, and the mixture was heated at 250-260° for 3 hr.
Fractional distillation (at 0.1 Torr, 90-92°) gave 9.5 g (39 mmol,
80%) of a colorless liquid: ir (neat) 1730 cm~1; nmr (CCly) 6 7.9-
7.2(3H,m),3.8 (6 H,2s),2.5(2H,t),1.5(2H, m),0.9 (3 H,1).
An impurity gives a multiplet at 3.6 in the nmr which integrates
for 10% of the & 3.8 peak.

3-Nitro-6-n-propyl-N-methylphthalimide. Fuming nitric acid (2
ml, specific gravity 1.60) was added dropwise over 3 hr to a solu-
tion of dimethyl 3-n-propylphthalate (1.5 g, 6.1 mmol, unpurified
product of previous synthesis) dissolved in sulfuric acid (6 ml). The
mixture was heated at 80-85° for 1 hr. Water (25 ml) was added
and the mixture was extracted with chloroform. The organic phase
was separated and dried, and the solvent was removed under vacu-
um. The resulting material was heated at 160-165° with 1,3-di-
methylurea (0.75 g, 8.5 mmol) for 1 hr. Then more of the urea
(0.35 g) was added and heating was continued for 30 min more.
The resulting material was dissolved in a mixture of water and
chloroform, the organic phase was separated and dried, and the
solvent was removed under vacuum to give an oil. The oil was sepa-
rated by preparative tlc (silica gel developed three times with 1:4
chloroform:benzene). The large yellow nonfluorescent mobile band
was cut out and extracted with chloroform; the solvent was re-
moved under vacuum to give a yellow oil (1.1 g, 4.4 mmol, 70%): ir
(neat) 1780, 1720, and 1540 ¢cm~!; nmr (CDCls) 6 8.1 (1 H, d),
78(1H,d),32(5H,s+1),1.7(2H, m), 1.0 (3 H, t).

Anal. Caled for C13H13N,04: C, 58.06; H, 4.87. Found: C,
58.61; H, 5.29.

3-Amino-6-rn-propyl-V-methylphthalimide. A mixture of 3-
nitro-6-n-propyl-N-methylphthalimide (400 mg, 1.6 mmaol), 10%
Pd/C (40 mg), and ethanol (40 ml) was stirred under 1 atm of hy-
drogen for 4 hr. The solution was filtered and the solvent was re-

moved under vacuum. The resulting solid was separated by prepar-
ative tlc (silica gel developed three times with chloroform). The
large yellow second most mobile band was cut out and extracted
with methanol. The solvent was removed under vacuum, and the
resulting solid was recrystallized from carbon tetrachloride to give
yellow crystals (250 mg, 1.1 mmol, 70%): mp 118-119°; ir (KBr)
3450, 3330, 1750, and 1680 cm~!; nmr (CDCl3) 7.2 (1 H, d), 6.8
(1 H,d), 52 (2 H, broad s), 3.1 (3 H,s),29(2H,t),15(2H,
m), 0.9 (3 H, t).

Anal. Caled for C12H14N;O5: C, 66.04; H, 6.47. Found: C,
65.45;, H, 6.46.

5-Amino-8-n- propyl-2,3-dihydrophthalazine-1,4-dione (Vb). 3-
Amino-6-n-propyl- V- methylphthalimide (100 mg, 0.46 mmol)
was refluxed under nitrogen with 95% hydrazine (1 ml) for 4 hr.
The reaction mixture was then diluted with water and acidified
with glacial acetic acid. The precipitate was collected, reprecipitat-
ed from 10% ammonium hydroxide with acetic acid, and sublimed
(0.01 mm, 200°) to give an off-white solid (80 mg, 0.37 mmol,
80%): ir (KBr) 1640 and 1600 cm~!; uv (0.1 M K,COs) 310 nm
(log € 3.88) and 360 (3.90).

Anal. Caled for C;;H 3N302: C, 60.26; H, 5.98; N, 19.17.
Found: C, 60.30; H, 6.08; N, 19.36.

3-Isopropylcyclohexene-4,5-dicarboxylic ~ Acid  Anhydride.
Freshly sublimed maleic anhydride (8 g, 82 mmol) and S-methyl-
1,3-hexadiene (8 g, 84 mmgl) were stirred together in benzene (32
ml) at 50° for 1 hr. The solution was then refluxed for 23 hr. To.
the hot solution was added hot cyclohexane (64 ml) and the mix-
ture was cooled on ice. The resulting crystals were collected and
recrystallized from cyclohexane (150 ml) to yield 12.3 g of prod-
uct. The two filtrates were combined and the solvents were re-
moved under vacuum. The resulting solid was crystallized from cy-
clohexane (75 ml) to yield 2.0 g of product. The two crops of white
crystals were combined (14.3 g, 74 mmol, 90%): mp 88-89° (1it.20
90°); ir (KBr) 1840, 1770, 1370, and 1380; nmr (CDCl3) § 6.0 (2
H, m), 3.5 (2 H, m), 1.3-2.8 (4 H, m), 1.1 (6.0 H, t). The triplet in
the nmr is probably two overlapping doublets, one from each of the
geminal methyl groups, which are nonequivalent because the iso-
propyl side chain cannot freely rotate.

3-Isopropylphthalic Anhydride. A solution of bromine (16 g, 0.1
mol) in acetic acid (14 ml) was added dropwise over 3 hr to a
stirred solution of 3-isopropylcyclohexene-4,5-dicarboxylic acid
anhydride (8 g, 0.042 mol) in acetic acid (13 ml) maintained at
95°, The solution was then refluxed for 19 hr. Most of the acetic
acid was removed under vacuum, and the resulting material was
heated at 180-190° for 24 hr. The material was then distilled (0.1
mm) keeping the fraction coming off between 150-230° pot tem-
perature. A low boiling fraction comes off before this. The solid
crystallized very slowly from benzene (1 ml) to give greasy white
crystals (3.2 g, 0.017 mol, 40%): mp ~50°; ir (KBr) 1850 and
1780; nmr (CCl;) 6 7.8 (3 H, s), 4.0 (1.2 H, septet, J = 7 Hz), 1.3
(6 H,d, J = 7 Hz). This compound was impure by nmr. The impu-
rity shows up as a singlet at 6 3.8 under the septet and is responsi-
ble for the larger than expected integral of this absorption.

3-Isopropyl-6-nitro-N-methylphthalimide. To the impure 3-iso-
propylphthalic anhydride (1.5 g, 8.0 mmol) dissolved in concen-
trated sulfuric acid heated at 80° was added dropwise over 1 hr
fuming nitric acid (0.6 ml, specific gravity 1.60). Then concentrat-
ed nitric acid (3 ml, specific gravity 1.42) was added which caused
an oil to separate out. Heating was continued for 1 hr. Water was
added to the reaction mixture and the product was extracted into
chloroform. The chloroform solution was dried and the solvent was
removed under vacuum. The resulting material was heated at
160-165° with 1,3-dimethylurea (0.75 g, 8.5 mmol) for 1 hr. Then
more of the urea (0.30 g) was added and heating continued for 15
min. The product was dissolved in a mixture of water and chloro-
form. The chloroform layer was separated and dried, and the sol-
vent was removed under vacuum. The material was sublimed (0.1
mm, 130-140°) and then crystallized from cyclohexane-ethyl ace-
tate to give yellow crystals of the desired product (1.3 g, 5.2 mmol,
64%): mp 103-105°; ir (KBr) 1780, 1700, 1610, and 1530 cm™;
nmr (CDCl;) 6 8.0 (2 H, AB quartet, / = 8 Hz), 4.3 (1 H, septet,
J =65Hz),3.2(3H,s),1.4 (6 H,d,J = 6.5 Hz).

Anal. Calcd for Cy;H2NO4: C, 58.06: H, 4.87. Found: C,
58.53; H, 4.49.

3-Amino-6-isopropyl-N-methylphthalimide. A mixture of 3-iso-
propyl-6-nitro-/V-methylphthalimide (500 mg, 1.9 mmol), 10%
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Pd/C (50 mg), and ethanol (35 ml) was stirred under hydrogen (!
atm) for 4 hr. The solution was filtered through Celite, and the sol-
vent was removed under vacuum. The solid was chromatographed
on silica gel column with 20% chloroform in benzene as eluent. The
fraction containing the first yellow band was collected and the sol-
vent was removed under vacuum to give a bright yellow solid (380
mg, 1.7 mmol, 90%): mp 172-173°; ir (KBr) 3440, 3320, 1740,
and 1680 cm™1; nmr (CDCl3) § 7.3 (1 H,d, J = 9 Hz), 6.9 (1 H,
d,J = 9 Hz), 5.2 (2 H, broad s), 4.0 (1 H, septet, J = 7 Hz), 3.1
(3H,s),1.2(6 H,d,J = 7 Hz).

Anal. Caled for Ci1,H14N»O2: C, 66.04; H, 6.47. Found: C,
66.27; H, 6.33.

5. Amino-8-isopropyl-2,3-dihydrophthalazine-1,4-dione (Vc). 3-
Amino-6-isopropyl-V-methylphthalimide (100 mg, 0.46 mmol)
was refluxed under nitrogen with 95% hydrazine for 4 hr. Water
(10 ml) was added and the solution was acidified with acetic acid.
The solid was collected and was reprecipitated from 10% ammo-
nium hydroxide by acidification with acetic acid. The solid was
collected and sublimed (0.01 mm, 250-260°) to give a light yellow
solid (80 mg, 0.37 mmol, 80%): ir (KBr) 3440, 3310, and 1650
cm ™% uv (0.1 M K,CO3) 310 nm (log € 3.88) and 360 (3.90).

Anal. Caled for Cy;H;3N30,: C, 60.26; H, 5.98; N, 19.17.
Found: C, 60.30; H, 6.00; N, 19.12.

3-(Bromomethyl)-/V -methyl-6-nitrophthalimide (VIII). To a solu-
tion of N, 3-dimethyl-6-nitrophthalimide!? (VII) (1.5 g, 6.8 mmaol)
in carbon tetrachloride refluxing over a 100-W bulb, was added
1,3-dibromo-5,5-dimethylhydantoin (0.99 g, 3.5 mmol) in portions
over ! hr. The mixture was allowed to reflux for 1 hr more. The
mixture was extracted with water, the organic phase was dried,
and the solvent was removed under vacuum. The resulting oil was
separated by preparative tlc (silica gel developed three times with
benzene). The middle band of three large bands (dark under uv
light) was cut out and extracted with chloroform and the solvent
was removed under vacuum to give a pale yellow solid (0.8 g, 2.7
mmol, 40%): mp 91-93°; ir (neat melt) 1780, 1720, and 1540
cm~!; nmr (EDCl3) 6 8.1 (2 H,s),5.1 (2H,s),3.2(3H,s).

Anal. Caled for CioHsN;O4 C, 40.16; H, 2.36. Found: C,
40.64; H, 2.48.

The presumed dibrominated product (IX) gave nmr (CDCl3) 6
8.5(1 H,d),83(1 H,d),80(1H,s),3.3(3H,s).

3-(Methoxymethyl)-6-nitro- NV -methylphthalimide. ~ 3-(Bromo-
methyl)-6-nitro-V-methylphthalimide (650 mg, 2.2 mmol) was
refluxed in methanol (10 ml) for 6 days. The resulting hot solution
was filtered and cooled to give pale yellow crystals (420 mg, 1.7
mmol, 80%): mp 104-106°; ir (KBr) 1780, 1720, and 1550 cm~!;
nmr (CDCl;3) 6 8.1 (2H,s),5.1(2H,s),3.6 (3H,s),3.2(3 H,s).

Anal. Caled for C11HoN»Os: C, 52.80; H, 4.03. Found: C,
53.03; H, 3.98.

3-Amino-6-(methoxymethyl)- V-methylphthalimide. A mixture
of 3-(methoxymethy!)-6-nitro-N-methylphthalimide (250 mg, 1.0
mol), 5% Rh/C (25 mg), and glyme (25 m!) was stirred under hy-
drogen (1 atm) for 40 hr. The mixture was filtered through Celite,
and the solvent was removed under vacuum. The resulting solid
was purified by preparative tlc (silica gel developed three times
with chloroform). The large yellow, mobile band was cut out and
extracted with ether. Removal of the solvent under vacuum gave a
bright yellow solid (200 mg, 0.9 mmol, 90%): mp 126-127°; ir
(KBr) 3450, 3330, 1750, and 1680 cm~!; nmr (CDCl3) 6 7.5 (1 H,
d), 6.9 (1 H,d), 5.4 (2 H, broad s), 4.8 (2 H, s), 3.45 (3 H, s), 3.1
(3 H,s).

Anal. Caled for C1;H;;N,05: C, 59.99; H, 5.49. Found: C,
59.75. H, 5.24.

5-Amino-8-(methoxymethyl)-2,3-dihydrophthalazine-1,4-dione
(Vd). 3-Amino-6-(methoxymethyl)-/V-methylphthalimide (80 mg,
0.36 mmol) was refluxed under nitrogen with 95% hydrazine (3
ml) for 4 hr. Water (10 ml) was added, and the mixture was cooled
on ice and acidified with glacial acetic acid. The precipitate was
collected, reprecipitated from cold 10% ammonium hydroxide with
acetic acid, and dried under vacuum (0.1 mm, 80°, 5 hr) to give a
white solid (60 mg, 0.27 mmol, 75%): ir (KBr) 1680, 1650, and
1600 cm™".

Anal. Calcd for CioH(iN303: C, 54.30; H, 5.01; N, 18.99,
Found: C, 54.39; H, 5.01; N, 19.09.

3-Nitro-5-tert-butyl-o-xylene. To 4-tert-butyl-o-xylene?! (7 g,
0.04 mol), cooled to ~12° and stirred, was added a mixture of con-
centrated sulfuric acid (10 g) and 70% nitric acid (5 g, 0.052 mol
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of HNO3) dropwise over 30 min. The mixture was stirred for an-
other 30 min before cold water (20 ml) and ether (30 ml) were
added. The ether layer was separated, washed with 10% NaOH
until the wash was basic, and washed with water. After drying, the
mixture was distilled under aspirator vacuum and the 180-185°
fraction was saved. During the distillation, decomposition took
place and the product was impure (by nmr). The product was re-
distilled, as before, giving a yellow liquid (5 g, 0.024 mol, 60%):
nmr (CCly) 6 7.6 (1 H,d,J = 2 Hz), 7.4 (1 H,d,J = 2 Hz), 2.4
(3H,s),2.3(3H,s),1.3(9H,s).

5-tert- Butyl-3-nitrophthalic Anhydride. 3-Nitro-5-tert- butyl-
o-xylene (700 mg, 3.4 mmol) was heated with 6 ml of nitric acid
(specific gravity 1.15) at 180-185° for 5 hrin a sealed thick walled
glass tube. After cooling, the solid formed was filtered off and sub-
limed (0.01 mm, 250°). Crystallization from ethyl acetate-pen-
tane gave white needles (200 mg, 0.8 mmol, 23%): mp 157-158¢
(lit.1' 147-149°); ir (KBr) 1860, 1780, and 1540 cm~!; nmr
(CDClL) 673 (1 H,4,J =2Hz),75(1 H,d,J =2 Hz), 1.5 (9
H, s).

3-Amino-5-tert-butyl-NV-methylphthalimide. 5-ters- Butyl-3-ni-
trophthalic anhydride (0.2 g, 0.8 mmol) was heated at 160-165°
with 1,3-dimethylurea (0.1 g, 1.1 mmol) for | hr. Then an addition
portion of the urea (0.05 g) was added and the heating continued
for 15 min more. The resulting material was dissolved in a mixture
of ether and water. The ether layer was separated and dried, and
the ether was removed under vacuum. The resulting solid was dis-
solved in ethanol (20 ml) and stirred under hydrogen (1 atm) with
10% Pd/C (0.02 g) for S hr. The solvent was removed under vacu-
um. The resulting yellow solid was chromatographed on alumina
with 30% chloroform in benzene. A small yellow band was eluted
first followed by a large bright yellow band of the desired material.
The solvent was removed under vacuum from this fraction to give
an oil which crystallized to a yellow solid (0.12 g, 0.5]1 mmol,
63%): mp 147-149°; ir (KBr) 3460, 3340, 1750, and 1700 cm™!;
nmr (CDCl3) 6 7.2 (1 H,d,J =1 Hz), 6.8 (1 H,d,J =1 Hz), 5.2
(2 H, broads), 3.1 (3H,s), 1.2(9H,s).

Anal. Caled for C;3H1N>O5: C, 67.22; H, 6.94. Found: C,
67.27, H, 6.93,

5-Amino-7-tert- butyl-2,3-dihydrophthalazine-1,4-dione (Ve). 3-
Amiino-5-tert-butyl-N- methylphthalimide (75 mg, 0.32 mmol)
was refluxed with 95% hydrazine (1.5 ml) for 4 hr under nitrogen.
Water (10 ml) was added to the reaction mixture, and the result-
ing solution was acidified with acetic acid. The precipitate was col-
lected by vacuum filtration, dissolved in 10% ammonium hydrox-
ide, and reprecipitated by acidification with acetic acid. The solid
was collected and sublimed (0.01 mm, 260-270°) to give a white
solid (41 mg, 0.17 mmol, 55%): ir (KBr) 3470, 3340, 1650, and
1590 ¢cm™!; uv (0.1 M K,CO3) 305 nm (log ¢ 3.79) and 350
(3.91).

Anal. Caled for Cy3H sN3Oy: C, 61.79; H, 6.48; N, 18.01.
Found: C, 62.08; H, 6.34; N, 18.25.

4-Amino- N, 5-dimethylphthalimide. 4-Nitro-/, S-dimethyl-
phthalimide?? (1 g, 0.45 mmol), ethanol (100 ml), and 10% Pd/C-
(0.1 g) were stirred together under hydrogen (1 atm) for 4 hr. Dur-
ing this time, 320 ml (1.4 mmol, 105%) of hydrogen was con-
sumed. The reaction mixture was heated to dissolve the product
and was filtered through Celite to remove the catalyst. The solvent
was removed under vacuum, and the resulting solid was crystal-
lized from ethanol to give light yellow needles (0.67 g, 0.35 mmol,
77%): mp 210-211°; ir (KBr) 3400, 3340, 1760, 1720 cm™!; nmr
(DMSO-d¢) 6 7.4 (1 H, s5), 7.0 (1 H, s), 6.0 (2 H, broad s), 3.0 (3
H,s),2.2 (3 H,s).

Anal. Caled for CigHoN2O2: C, 63.15; H, 5.30. Found: C,
63.12; H, 5.20.

6-Amino-7-methyl-2,3-dihydrophthalazine-1,4-dione (VIb). 4-
Amino-N, 5-dimethylphthalimide (200 mg, 1.05 mmol) was re-
fluxed with 95% hydrazine (2 ml) for 4.5 hr under nitrogen. Water
(10 ml) was added to the reaction mixture, and the resulting solu-
tion was acidified with acetic acid. The precipitate was collected by
vacuum filtration, dissolved in 10% ammonium hydroxide, and
reprecipitated with acetic acid. The solid was collected and sub-
limed (0.01 mm, 260-270°) to give a white solid (140 mg, 0.73
mmol, 70%): ir (KBr) 3460, 3360, and 1630 cm~!; uv (0.1 M
K;COs3) 270 nm (log € 4.29) and 310 (3.73).

Anal. Caled for CoHoN3O;: C, 56.54; H, 4.74; N, 21.98. Found:
C, 5585, H,4.70; N, 21.82.
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4-Amino-N,3-dimethylphthalimide. The carbon tetrachloride
mother liquors from the preparation of N, 3-dimethyl-6-nitro-
phthalimide!® were combined and evaporated to dryness. A por-
tion of the solid obtained (1 g) was stirred overnight under hydro-
gen (1 atm) with 10% Pd/C (0.1 g) in ethanol (100 ml). The mix-
ture was boiled and filtered hot through Celite. The Celite was
washed with hot ethanol, and all the hot filtrates were combined
and allowed to cool. The resulting crystals were recrystallized from
ethanol and dried under vacuum to give a yellow powder (0.20 g):
mp >260° ir (KBr) 3460, 3370, 1750, and 1700 ¢cm~!; nmr
(DMSO-ds) 6 7.2 (1 H,d,J = 8 Hz), 6.8 (1 H, d, J = 8 Hz), 6.1
(2H,s),2.9 (3 H,s),2.4 (3.0 H, s); uv (95% ethano!) 380 nm (log
€ 3.70) and 305 (3.49).

Anal. Caled for CioHoN,O;3: C, 63.15; H, 5.30. Found: C,
63.21; H, 5.40.

6-Amino-5-methyl-2,3-dihydrophthalazine-1,4-dione (VIc). 4-
Amino-J, 3-dimethylphthalimide (75 mg, 0.39 mmol) was re-
fluxed in 95% hydrazine (2 ml) for 5 hr under nitrogen. Water (15
ml) was added to the reaction mixture, and then the product was
precipitated by acidification with glacial acetic acid. The solid was
crystallized from 15% hydrobromic acid. The resulting hydro-
bromide was stirred with a solution of sodium bicarbonate (25 mg)
in water for 30 min. The solid was collected and sublimed (0.01
mm, 250-260°) to yield a white solid (24 mg, 0.13 mmol, 32%): ir
(KBr) 3480, 3390, 3360, 1630, and 1600 cm~!; uv (0.1 M K,CO3)
265 nm (log € 4.08) and 340 (3.74).

Anal. Caled for CoHgN3O,: C, 56.54; H, 4.74. Found: C, 56.44;
H.4.72.

3-Amino-6-isopropylphthalic Anhydride. 3-Isopropyl-6-nitro-N-
methylphthalamide (100 mg, 0.4 mmol) was refluxed for 3 weeks
in an ethanol (2 ml)-hydrochloric acid (2 m]) mixture. The result-
ing solution was extracted with ether, dried, and evaporated to dry-
ness. The residue was sublimed (130°, 0.01 mm) and crystallized
from carbon tetrachloride to give white crystals (70 mg, 0.3 mmol,
75%): mp 125-126°; (KBr) 1860, 1780, and 1540 ¢cm~!. This 3-
isopropyl-6-nitrophthalic anhydride was stirred with Drierite (1 g)
and 10% Pd/C (20 mg) in tetrahydrofuran (50 ml) under hydro-
gen (1 atm) for 3 hr. The solution was filtered and evaporated to a
bright yellow crystalline solid (60 mg, 0.3 mmol, 100%): mp 132-
135°; ir (KBr) 3500, 3380, 1830, and 1760 cm~!; nmr (CDCl;) &
7.4 (1 H,d,J =8 Hz), 6.9 (1 H,d,J = 8 Hz), 5.2 (2 H, broad s),
3.8 (1 H, heptet, J =7 Hz), 1.2 (6 H,d, J = 7 Hz); uv (0.1 M
K2CO3) Amax 304 nm (log ¢ 3.26).23 Dissolving this anhydride in
aqueous base gives the phthalate, X, which is the emitter in V¢
chemiluminescence.

Chemiluminescence Emission Spectra. Emission spectra were
measured on a Hitachi-Perkin-Elmer MPF-2A spectrophotofluori-
meter with a stabilized xenon arc source and R 106 photomultipli-
er detector and were not corrected for nonlinearity of the source or
detector. Chemiluminescence spectra were determined by treating
solutions of hydrazide (~10% M) in 0.1 M carbonate with aqueous
hydrogen peroxide (0.1 M) and hemin (10~ M) while running the
spectrofluorimeter with the source off. Because the intensity of
chemiluminescence is decaying during the scan, the chemilumines-
cence spectra are shifted to shorter wavelengths. By comparison
with fluorescence spectra of the phthalates (where available) or
spent reaction mixtures, this shift is found to be usually 2-3 nm.

Fluorescence Quantum Yields. The fluorescence yields were
measured relative to quinine bisulfate in 0.1 N sulfuric acid.?* All
solutions used had optical densities of 0.1 or less. The fluorescence
spectra were tabulated for intervals of S nm. A computer program
was used to correct the spectra and calculate the quantum yields as
previously described.

Chemiluminescence Quantum Yields. The chemiluminescence
yields were determined relative to the luminol standard of Selig-
er?6 using a RCA 1P2] photomultiplier powered by a Fluke 4128
DC power supply. No correction was made for photomultiplier
sensitivity as this is at most a few per cent in this wavelength
range.2’ The signal from the photomultiplier was amplified and fed
to a capacitor, the charge on the capacitor being proportional to
the integrated light output. Aliquots (1 ml) of known hydrazide
concentration (~10=5 M) in 0.1 M potassium carbonate were
placed in a glass vial in a light tight compartment attached to the
photomultiplier. The reaction was initiated by injecting 0.1 ml of

~0.03 M hydrogen peroxide followed by 0.1 m!l of ~3 X 10-°% M
hemin solution. Additional peroxide and hemin were injected to
ensure that the first injection caused complete reaction (usually
the case).
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