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ALAIN B ~ L A N G E R ,  PAUL BRASSARD, SYLVIE LAQUERRE, and YVES M ~ R A N D .  Can. J .  Chem. 65, 1392 (1987). 
In an attempt to improve the sensitivity of luminescent immunoassays, we have prepared some new isoluminol, 7-(N,N- 

dialkylamino)-5-methyl-2,3-dihydrophthalazine-1,4-diones by means of a novel procedure involving the cycloaddition of 
dienamines to maleic acid derivatives. These compounds are characterized by the presence of a methyl group at C-5 and give 
quantum yields three to five times greater than those of the most efficient isoluminols in use at present. 

ALAIN B ~ L A N G E R ,  PAUL BRASSARD, SYLVIE LAQUERRE et YVES M ~ R A N D .  Can. J. Chem. 65, 1392 (1987). 
Afin d'amCliorer la sensibilitk des dosages luminoimmunoetalonnages, nous avons prepare de nouveaux isoluminols: des 

N, N-dialkylamino-7 methyl-5 dihydro-2,3 phtalazinedione-1,4 par une synthkse originale qui implique la cycloaddition d'une 
diCnamine i d e s  dCrivCs de I'acide malCique. Ces produits caractCrisCs par un groupe methyle en position C-5 ont un rendement 
quantique de trois i cinq fois supCrieur a celui du meilleur isoluminol actuellement utilise. 

Introduction Thomas-Hoover A ~ ~ a r a t u s  and are not corrected. The uv spectra 

The chemiluminescence of cyclic hydrazides was first dem- 
onstrated by Albrecht in 1928 (1); since then the efficiency and 
mechanism of the process continue to raise wide interest. A 
considerable body of synthetic work has been carried out with 
the object of isolating the various factors that control light 
production (2-4). Several of these were early identified by 
Drew as substituent effects: thus, the unimpeded resonance of 
electron-donating groups with the system generally exerts a 
favorable influence as does mild steric hindrance of other 
substituents with adjacent carbonyls at C-1 and C-4. However, 
substitution of the heterocyclic moiety completely inhibits the 
process. 

A major application of chemiluminescence to clinical analy- 
sis consists in using luminescent molecules as alternatives for 
radioactive and enzymatic labels in immunoassays. Indeed, 
luminescent immunoassay (LIA) procedures have recently been 
described for steroids (5-7), proteins (8, 9), and other biologi- 
cal compounds (10). In this respect, two factors play a major 
role in the sensitivity of the immunoassay: the affinity of 
antibodies for the tracer and the specific activity of the latter. 
In chemiluminescence, the quantum yield is the specific activ- 
ity of the tracer and probably is the most important parameter 
affecting the sensitivity of LIA. 

Although luminol provides a greater light yield than isolum- 
inol, derivatives of the latter that can be coupled to proteins or 
steroids have been used extensively since by virtue of the 
foregoing rules they are more efficient than substituted lumin- 
01s. Schroeder et al. (1 1) prepared several luminescent com- 
pounds and found that aminobutyl ethyl isoluminol in particu- 
lar showed high efficiency. The use of such a derivative in the 
LIA of steroids has resulted in a procedure with a sensitivity 
comparable to that of radioimmunoassays (RIA) (5-7). In an 
attempt to further improve the sensitivity of LIA, we have 
prepared and characterized a series of new chemiluminescent 
derivatives of isoluminol. This novel synthesis involves the 
cycloaddition of dienamines to maleic acid derivatives and was 
designed to give compounds with a methyl group at the C-5 
position, a feature expected to enhance the quantum efficiency. 

Experimental 
A. Synthesis (Fig.]) 

All melting points were taken for samples in capillary tubes with a 
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were determined on'' Hewlett-Packard 8450A spectrophotomekr and 
the ir spectra on a Beckman Model IR 4250. Nuclear magnetic 
resonance spectra were recorded with Varian EM360 A and XL-200 
spectrophotometers using tetramethylsilane as internal standard. Mass 
spectra were obtained with a Hewlett-Packard 5995 A spectrophotom- 
eter. Merck silica gel 60F2,, for dry column chromatography and 
Woelm neutral aluminium oxide activity I1 were used throughout. 
Elementary analyses were carried out by Galbraith Laboratories Inc., 
Knoxville, TN. Exact masses were provided by the Laboratoire de 
spectromCtrie de masse, Universitt de Sherbrooke, Sherbrooke, Canada. 

2-Alkylsilony-4-N-pyrrolidyl-2,4-pentadie (2a o r  2a ' )  
To a solution of lithium diisopropylamine (LDA) prepared in the 

usual way with n-butyllithium (n-BuLi) ( I 0  mmol, 2.7 M in hexane), 
diisopropylamine ( I  1 mmol) and tetramethylethylenediamine (TMEDA) 
(12) (10mmol) in dry tetrahydrofuran (THF) (10 mL) at O°C under 
nitrogen and cooled at -7S°C, were added 4-N-pyrrolidyl-3-penten- 
2-one ( l a )  (13) (10 mmol) in dry THF (15 mL) in 15 min, and then 
after 2 h, a solution of chlorotrimethylsilane (TMSCI) or t-butylchloro- 
dimethylsilane (TBDMSCI) (1 1 mmol), in the same solvent (8 mL; 
45 min). The reaction mixture was allowed to warm and kept for 
90 min at room temperature, evaporated, diluted with dry petroleum 
ether (bp 30-60°C, 70 mL). filtered under nitrogen, and evaporated. 
These operations were repeated and finally the residue was stirred for 
3 h under vacuum (0.2 Torr). The unstable dienamine 2 a  or 20' was 
used without further purification. 
2-Trimethylsiloxy-4-N-pyrrolidyl-2,4-pendiene (2a); nmr (CDC13) 6 

5.00(1H, s), 3.97 ( IH,  s), 3.57 ( lH ,  s) 3.00 (4H, m), 1.78 (7H, m), 
and 0.13 (9H, s). 

2-t-Butyldimethylsiloxy-4-N-pyrrolidyl-2,4-pentadiene (20') ; nmr 
(CDCI3) 65.06 ( lH ,  s), 3.86 ( l H ,  s), 3.6 ( l H ,  s), 3.06 (4H, m), 1.86 
(7H, m), 0.99 (9H, s), and 0.16 (6H. m). 

3-Methyl-5-N -pyrrolidylphthalic anhydride (4a) 
To a solution of bromomaleic anhydride (849 mg, 4.8 mmol) in dry 

benzene (20 mL) was added under nitrogen freshly prepared crude 
dienamine 2a (1.3 g, 5.8 mmol) in the same solvent (20 mL) in 30 rnin 
at 5-7°C. The dark reaction mixture was allowed to warm to room 
temperature and after 2 h, the solvent evaporated, the crude product 
dissolved in CHC13, and separated by chromatography on silica gel 
(50g). Elution with CHCI3 gives phthalic anhydride 40, yellow needles 
(218 mg, 19.5%) mp 222-222.5"C; ir v,,,, (KBr) 1823, 1753, 1620, 
1578, and 865 cm- ' ;  uv A,,,,, (C2H50H) 212, 267, 321, and 386 nm 
(log E 4.23, 4.19, 4.05, and 3.89); nmr (CDCl,) 6 6.83 ( lH,  d ,  J = 
2.2 Hz), 6.55 ( lH ,  d,  J = 2.2 Hz) (this doublet is not well defined: 
coupling with the 3-methyl), 3.42 (4H, m) (s, with irradiation at 6 
2. lo), 2.59 (3H, s) and 2.10 (4H, m) (s, with irradiation at 6 3.42); 
mass spectrum: m/e 231 (M+). Anal. calcd. for C13H1303N: C 
67.52, H 5.66, N 6.06; found: C 67.65, H 5.62, N 6.02. 
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FIG. I.  Synthesis of chemiluminescent compounds. 

3-Methyl-5-N-pyrrolidyl-N-methylphthalirnide (3a) 
To a solut~on of N-methylmaleimide (488 mg, 4.4mmol) in dry 

benzene (10 mL) was added under nltrogen freshly prepared crude 
dienamine 2a' (1.07 g, 4 mmol) in the same solvent (10 mL) in 30 min 
at 5-7°C. The reaction mixture was kept overnight at room tempera- 
ture and then refluxed for 1 h. Palladium (10%) on activated charcoal 
(100 mg) was then added and refluxing continued for 3.5 h. After cool- 
ing, the catalyst was removed by filtration and the product isolated by 
chromatography on silica gel (100 g). Elution with CH2C12 gave methyl- 
phthallmide 3a (230 mg, 23.5%), yellow needles, mp 159.5- 159.8"C 
(CH2C12, (CrH5)20); ir v,,, (KBr) 1748, 1685, 1610, 1575, and 
855 cm-I, uv A,,, (C2H50H) 212,268,323, and 402 nm (log E 4.46, 
4.50,3.93, and 3.92); nmr (CDC13) 6 6.83 (I H, d, J  = 2.4 Hz), 6.38 
( lH,  d, J  = 2.4 Hz) (this doublet is not well defined: coupling with 
3-methyl), 3.39 (4H, m) (s with irradiation at 6 2.06), 3.10 (3H, s), 
2.59 (3H, s), and 2.06 (4H, m) (s with irradiation at 6 3.39); 
CI4HI6O2N2 requires 244.1212; found 244.1206. Anal. calcd. : C 
68.83, H6.60, N 11.47;found: C69.19, H 6.56, N 11.70. 

3-Methyl-5-N, N-dimethylaminophthalic anhydride (4b) 
In a similar reaction, 4-(N-dimethylamino)-3-penten-2-one (1 b) (13) 

(750mg, 5 mmol) gave anhydride 4b (143 mg, 0.613 rnmol, 12.3%), 
yellow needles, mp 128- 128.5"C ((C2H5)20, petroleum ether); ir v,.,, 
(KBr) 1823, 1750, 1615, 1570, and 840 cm-I; uv A,,, (C2H50H) 
214, 268, 321, and 385 nm (log E, 4.33, 4.31, 4.16 and 4.00); nmr 
(CDCl,) 6 6.94 ( lH,  d, J  = 2.2 Hz), 6.65 ( lH,  d of q, J  = 2.2 and 
0.6Hz),3.47(4H,q,  J =  7 .3Hz) ,2 .60(3H,s ) ,  1.24(6H, t, J =  
7.3 Hz); mass spectrum mle 233 (M+). Anal. calcd. for CI3Hl5O3N: 
C66.93, H 6.48, N 6.00; found: C 66.89, H 6.21, N 5.91. 

7-(N, N-Dinlkylamino)-5-methyl-2,3-dihydrophthalazine-1,4- 
dione (5a or 5b)  

A solution of phthalic anhydride 4 a  or 46  (0.43 mmol) in acetic 
acid (4 mL) was refluxed with hydrazine hydrate (14) (85%) for 1 h 
under nitrogen and then poured, after cooling, into ice water. 'The 
resulting precipitate was filtered and dried: 5-methyl-7-N-pyrrolidyl- 
2,3-dihydrophthalazine-1,4-dione (5a) (82 mg, 0.33 mmol, 77%), white 
crystals, mp 330-335°C dec. (CH30H, NH,OH 10% in H20); ir v,,, 
(KBr) 1640, 1595, 1545, and 845 cm- I, uv A,,, (0.1 M K2C03) 226, 
287, and 326 nm (log E 4.34,4.45, and 4.13); nmr [(CD3)2SO] 6 6.77 
(IH, s), 6.75 (IH, s), 3.35 (4H, m) (under H 2 0  peak visible by 
addition of D20) (S with irradiation at 6 1.98), 2.72 (3H, s), 1.98 
(4H, m) (s with irradiation at 6 3.35); mass spectrum mle 245 (Mt). 
Anal. calcd. for CI3Hl5O2N3: C 63.65, H 6.16, N 17.13, found: C 
63.78, H 6.26, N 16.99. 

This product (65 mg, 0.26 mmol, 63.4%) was also prepared under 
the same conditions (reflux time, 12 h) from N-methylphthalimide 3n 
(lOOmg, 0.41 mmol). 

5-Methyl-7- (N, N-dimethylamino) -2,3 -dihydrophthalazine- 1,4- 
dione (5b) (93 mg, 0.37 mmol, 86%), white crystals, mp 290-292°C 
dec. (CH30H, NH40H 10% in H20); is v,,, (KBr) 1635, 1595, 1540 
and 845 cm-I; uv A,,, (0.1 M K2CO3) 227, 288, and 326 nm (log E 

4.17, 4.43, and 4.11); nrnr [(CD3)2SO] 6 6.89 (2H, s), 3.44 (4H, 1, 
J  = 7.0 Hz), 2.72 (3H, s), 1.14 (6H, t, J  = 7.0 Hz); mass spectrum 
m/e 247 (M+). Anal. calcd. for CI3Hl7O2N3: C 63.13, H 6.93, N 
16.99; found: C 62.97, H 7.20, N 16.83. 

4-(N-ethyl-N -4 '-hydroxybuty1amino)-3-penten-2-one (1  C) 
To 2,4-pentadione (20 g, 0.2 mol) in CHC13 (50 mL) was added 
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701 H ISOLUMINOL - 

FIG. 2. Effect of pH on the decay portion (3rd to 12th second) 
light emission produced by isoluminol and its derivatives (ABEI, 
arninobutylethylisoluminol; AHEI, aminohexylethylisoluminol; 5a, 
56, and 5c, see Experimental). 

known for tertiary examples. It was found (25) that strong base 
(LDA) was necessary for the regiospecific (and probably kinet- 
ic) removal of the hydrogen in the y-position of enaminone 1 
while the resulting enolate could readily be trapped as the en01 
silyl ether in the usual way ( l a  and l b  are well described 
compounds; l c  can be prepared conveniently from 4-ethyl- 
aminobutanol (15, 17) and 4-chloro-3-pentene-2-one). 

All of the dienes obtained are very labile particularly those 
containing a trimethylsilyl group; indeed hydroxyenaminone 
l c  does not give a detectable amount of the trimethylsiloxy- 
diene. The crude dienol ethers were immediatelv added to 
bromomaleic anhydride or to N-methylmaleimide in benzene 
at 5-10°C. The corresponding 3-methylphthalic anhydrides 
were then obtained by rapid aromatization of the crude product 
on a column of silica gel. Use of the less reactive dienophiles 
N-methylmaleimide affords good yields of 3-methyl-N-methyl- 
phthaleimides 3 (especially in the case of the siloxy compound 
3c where the yield improves by about 4-fold). In this approach, 
aromatization of the adduct requires an extra step involving 
dehydrogenation with 1000 palladized charcoal and is followed 
by chromatography on silica gel. The pyridazine ring is formed 
by the well-documented action of hydrazine hydrate on anhy- 
dride 4 or N-methylimide 3. In the instance of siloxyphthala- 
zinedione 5c the tert-butyldimethylsiloxy group is best removed 
by fluoride ion at room temperature rather than by treatment 
with a refluxing mixture of acetic acid and water. 

B .  Chemiluminescence 
With chemiluminescent substances of this type, it is a well- 

established fact that the pH of the medium plays an important 
role on the detection limit (5). Hence, we have first studied the 
effect of this parameter on the decay portion of the light 
uroduced bv our new derivatives of isoluminol and have com- 
iared the iesults with those obtained for well known ana- 
logues. As in previous cases ( 9 ,  the new derivatives show a 
clear dependency of light yield on pH (Fig. 1). This figure also 
indicates that the introduction of a methyl group at the C-5 
position in derivatives 5 a ,  5b ,  and 5d also brings about a 3- to 
5-fold increase on the efficiency of the chemiluminescent process. 

These data extend and amplify previous observations by 
Brundrett et al. (2, 3) who had earlier shown that the presence 
of a methyl group at the C-5 position of luminol increases the 
efficiency of light production. Since the methyl groups show a 

TABLE 1. Luminescence reaction kinetics of isoluminol 
and its derivatives at pH 14 

Percentage of light emitted between 

Compounds* 0-2 s 3- 12 s 13-60 s 

Isoluminol 26 55 19 
ABEI 2 1 55 24 
AHEI 22 56 22 
5 a 25 60 15 
56 25 57 18 
5d 22 56 22 

*ABEI, arninobutylethylisoluminol; AHEI, arninohexylethyliso- 
luminol. 

weakly electron-donating character, the enhanced lumines- 
cence observed is probably accounted for by the ortho effect 
between it and the adjacent carbonyl (2, 3). Furthermore, the 
presence of terminal hydroxyl or amine groups seems to pro- 
vide little or no influence on chemiluminescence since the 
three new derivatives all show approximately the same high 
yields. 

Table 1 indicates the pattern of light emission of isoluminol 
and its derivatives. It can be seen that the increase of lumines- 
cence obtained with the new derivatives is not due to a change 
in the kinetics of the oxidation reaction since, as observed for 
the previous compounds, approximately 55% of light occurs 
between 3rd and 12th second at pH 14. These data confirm the 
high efficiency achieved when a methyl group is added. 

Aminobutyl isoluminol, which shows a high level of light 
emission, has been extensively used in immunoassays using a 
luminescent tracer. The present report describes new deriva- 
tives of isoluminol which exhibit particularly high luminescent 
efficiency and, moreover, possess functional groups that per- 
mit ready coupling with steroids and proteins, for example 
with human chorionic gonadotropin; particulars will be com- 
municated later. Hence, these compounds present an excellent 
potential for use as tracers in immunoassays. 
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