SPECTRAL-LUMINESCENCE AND ACID-BASE PROPERTIES
OF 4,7-DIAMINOCOUMARINS
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The absorption and luminescence spectra of a series of 4,7-diaminocoumarins have been investigated in
ethanol and acetonitrile solution. The pk,' and pk,! values for several of the compounds have been
measured. It has been found that the site of primary protonation is the nitrogen atom in the 7-position, and
that the second protonation reaction occurs at the lactone oxygen atom. The effects of steric and electronic
factors on the spectral-luminescence and acid-base characteristics of these compounds are discussed.

We have previously reported [1] the synthesis of 4,7-diaminocoumarins I-XIX from the corresponding 4-chloro
derivatives. Interest in these compounds has been stimulated by several factors. First of all, many of these 4,7-
diaminocoumarins I-XIX are efficient luminophores, and several of these compounds (for example compounds I, III-V) also
fluoresce in a short-wavelength region (400-440 nm) which is relatively rare for 7-aminocoumarins. In addition, compounds
with similar structures (such as coumarins VI-IX) may have sharply different luminescence quantum yields. Second,
according to {2], the excited singlet state (S,) for 7-aminocoumarins is a charge transfer state (CT state, formula A). For this
reason it was not clear a priori what influence a strong electron-donating substituent in the 4-position would have on the =-
electron density distribution in the ground and excited states. In the case of 4,7-diaminocoumarins we cannot exclude the
possibility of a different CT state in which charge ransfer occurs from the 4-amino group (formula B).
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Since many 4-aminocoumarins exhibit luminescence as well [3], the question arose which amino group would interact
more efficiently with the lactone carbonyl group and, in general, on what factors do the spectral-luminescence properties of
compounds I-XIX depend.

The absorption spectra of coumarins I-XIX in ethanol or acetonitrile solution contain, as expected, from three to five in-
tense bands in the regions 245-260, 280-300, and 345-380 nm. The high oscillator strength values (f ~ 0.4-0.8), calculated
according to [4] for long-wavelength absorption maxima in compounds I-XIX (Table 1), indicate that the corresponding elec-
tronic transitions are not forbidden. We assume that the absorption maximum in the 345-380 nm range in the spectra of-
coumarins I-XIX corresponds to a type A CT state; the same conclusion has been reached previously for close structural
analogs of the coumarins in question, namely coumarin-1 (XX) and coumarin-102 (XXI) [2]. In our further discusisons we
shall limit ourselves primarily to consideration of the long-wavelength absorption maximum since, as has been explained,
this band provides the most information and also correlates with the luminescence properties of the compounds. It is apparent
from the data in Table 1 that replacement of a 4-methyl group by an amino group in the transition from compounds XX and
XXI1 to 4,7-diaminocoumarin derivatives with similar structures (I-IX, XVIII, XIX), is accompanied by a hypsochromic shift
of the absorption bands by 10-15 nm, and by a hypsofluoric shift of the emission bands by approximately 20-30 nm. The
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greater sensitivity of the emission band to the effect of a substituent in the 4-position is not in conflict with our earlier-stated
hypothesis concerning the existence of a type A CT state, in which the electron density in the lactone ring is enriched [5] and
the lactone ring may also undergo strong perturbation as a result of interaction with the 4-amino group.

It is also interesting that substitution of a 4-monoalkylamino group by a 4-dialkylamino group, in the transition from
compounds II-V, X, and XI to coumarins VI-IX, XII-XIV, is accompanied by a bathochromic shift of the long-wavelength
absorption band by 7-19 nm, although the transition from 4-aminocoumarin I to 4-monoalkylcoumarins II-V does not
produce any significant shift in this band. If we consider the normal increase in electron-donating properties of an amino
group in the series NH, < NHAIlk < NAlk,, then we must conclude that this trend distorted in the case of 4,7-
diaminocoumarins, in which a 4-dialkylamino group appears to act as a weaker electron-donating substituent than an NH,
group. We feel that the factor responsible for this distortion is steric hindrance between the 4-dialkylamino group and the 5-H
atom, which interferes with p-m conjugation in the N-C(4=C3,~C-O system. This type of steric strain or hindrance also
increases even when the alkyl groups are fixed in a ring, such as, for instance, in the transition from compounds VI and VII to
coumarins VIII and IX; the difference in the positions of the absorption maxima in these compounds is approximately 10 nm.
Introduction of an alkyl group in the 3-position exerts an analogous effect, leading to a bathochromic shift of the absorption
band by 6-13 nm (compare compounds III, IV, IX, and X-XIV). We note, however, that in the 3,4-dialkyl-7-aminocoumarin
series introduction of a 3-alkyl substituent is accompanied, in contrast, by a ~10 nm hypsochromic shift relative to 3-
unsubstituted analogs [6]. Considering the similarity in the spectral characteristics of coumarin I and
monoalkylaminocoumarins II-V, we conclude that the alkyl group in compounds II-V in their most favorable molecular
conformations is spatially distant from the 5-H and in proximity to the 3-H atom. The H-N-C,, fragment in coumarins I-V
would therefore be expected to adopt similar structures. Supplementary confirmation of this conclusion is obtained from the
PMR spectra of these compounds [1].

In the case of a substituent in the 7-position the steric factor is not expected to be significant, and so the 5-10 nm
hypsochromic shift observed in the position of the long-wavelength absorption maximum in the transition from the 7-
diethylaminocoumarins VI and IX to their 7-morpholino analogs XVI and XVII can be ascribed to the reduced electron-
donating properties of the nitrogen atom in the 7-position [N,]. Qualitative support for this conclusion conceming decreased
electron-donating characteristics of a morpholino group relative to piperidino and diethylamino groups in the 7-position is
provided by the basicity data for morpholine, piperidine, and diethylamine, whose pK, values are 8.33, 11.12, and 11.09,
respectively [7]. Securing or fixing the 7-dialkylamino group in a julolidine fragment as in compounds XVIII and XIX is
accompanied by a bathochromic shift of the absorption band by 15-20 nm relative to the 7-diethylamino derivatives VI and
IX. An analogous trend has also been shown to be valid for coumarins XX and XXI.

The general principies delineated above for the positions of the long-wavelength absorption bands in the spectra of
compounds I-XIX are characteristic of their emission bands as well (Table 1). Coumarin II appears to be an exception 1o this
rule; its fluorescence maximum is shifted approximately 30 nm toward longer wavelength compared to the fluorescence
maxima in compounds ITI-V. This effect may be due to steric hindrance of strain arising in the S; state between the tert-butyl
group and the 3-H (or 4-H) atom; the steric strain, in turn, reduces the degree of electron-donating interaction between the
substituent in the 4-position and the 7-aminocoumarin fragment.

In order to understand the factors responsible for the wide variation in fluorescence quantum yields among the coumarins
studied herein we have also investigated the low-temperature luminescence spectra of cumarins I, II, VI, IX, and XII. It was
found that the fluorescence quantum yields for compounds I, III, VI, and XII under these conditions were substantially
enhanced (p¢ = 0.8-0.9), and exhibited a leveling-off effect. In contrast, however, the fluorescence quantum yield for coumarin
IX was found to be largely unchanged at 77 K (¢ = 0.56). We conclude, therefore, that the fluorescence quenching effect
observed for compounds VI, VII, and others at room temperature must be associated not with any electronic influence of the
4-dialkylamino group, but rather with vibrational loss. In this vein, a diethylamino group possesses greater vibrational
degrees of freedom than does a morpholino group, for instance, which increases the probability of energy degradation or loss
via radiationless transition channels from the S; state. This factor also explains the increased fluorescence quantum yields
observed in the absence of one of the N-alkyl groups (cf. compounds II-V and VI, VII). Fixing the dialkylamino group in a
ring, as in the transition from compounds VI and IX, for example, to coumarins XVIII and XIX also leads to enhanced
fluorescence (Table 1).

In order to settle any remaining questions or controversy concerning the nature and degree of electronic influence of the
amino groups in 4,7-dialkylaminocoumarins we have measured the pK, values of the conjugate acids of compounds I, IIT, IV,
VI, IX, XII, XIII, X VI, XVII, and XIX (Table 2). Acidification of aqueous ethanol solutions of these coumarins is accom-
panied by a decrease in the position of and finally, by complete disappearance of their long-wavelength absorption maxima at
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TABLE 2. Characteristics of Mono- and Diprotonated Forms of 7-

Aminocoumarins
Absorption, Apay, nm
ggﬂnd neutral | mono- | di- pK,! PR K,
molecule| cation | cation
1 356 315 310 2,12 —2.50 -5,71
i 354 315 315 2,12 — 1,47 -5,37
v 354 312 308 2.08 —1,25 -6,05
VI 360 304 318 1.84 —2.48 -9,09
1X 373 309 315 1,86 —-3,69 —10,01
X1 378 313 318 2,39 —3,50 —9,36
X111 383 311 322 2,47 -3,13 —10,45
XVI 340 315 315 -0,31 —3.34 —5,32
XVII 350 313 314 —0,32 —3.99 —~7.55
XIX 388 314 324 0,04 -3,13 —12,97
XX 384 310 303 1,97 -7,40 —11,34
Xx1 400 320 300 0,20 -7,12 —13,20

*In ethanol-water (1:1) solution.
**In water~sulfuric acid solution.

350-380 nm, and a concomitant increase in the absorption maximum at 310-320 nm, with isobestic points in the 320-350
nm range. Coumarins XX and XXI were selected as models for comparison. The low basicity of coumarins XX and XXI (2-
4 orders of magnitude lower than B-naphthylamine [7]) indicates that the 7-dialkylamino group in these compounds is in
effective conjugation with the lactone fragment. Since the pK,! values for coumarins I, III, IV, IX, XII, X1II, X VI, X VII, and
XIX are similar to those found for the model compounds XX and XXI, we assume that the first protonation site in these
compounds is also at the 7-dialkylamino group.. This is supported by the observed loss of fluorescence upon protonation.
Apparently, immobilization of the unshared electron pair on the nitrogen atom in the 7-position [N(;,] renders charge transfer
along pathway A impossible.

Comparison of the pK,! values for these compounds reveals an interesting effect, namely the pronounced decrease in the
basicity of the julolidine (compounds XIX and XXI) and 7-morpholino (coumarins XVI and XVII) derivatives. In the case of
coumarins XIX and XXI this effect can be explained in terms of the unfavorable tetrahedral configuration arising upon
protonation of the N, atom, which is flattened by the six-membered ring structure. The diminished basicity of coumarins
XVI and XVII, on the other hand, is probably due to the electron-withdrawing influence of the y-oxygen atom, and not to the
conformation of the saturated ring. The basicity of the Ny, site is substantially increased, in contrast, upon introduction of an
alkyl group in the 3-position, such as in compounds XII and XIII, compared to coumarin IX. The effect of a substituent in
the 4-position on the magnitude of pK/l, in contrast, is significantly lower. For example, for the 7-diethylaminocoumarin
derivatives I, III, IV, VI, and IX their pK,! values are in the range 1.8-2.1. Furthermore, the pK,! value for the methyl
derivative XX is also in this range. We conclude, therefore, that the electronic effect of the 4-amino group in compounds I-
XIX on the (basicity of the) Ny atom is not large.

Replacement of a 4-monoalkylamino group (compounds II and III) by a dialkylamino group (compounds VI and IX) under
otherwise equivalent conditions leads to a sharp decrease in basicity. This is consistent with the general principles outlined
for their absorption and fluorescence spectra, and is indicative of the reduced electron-donating effect of a 4-N(Alk), group
relative to a 4-NHAIk group due to steric factors.
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The pK,I! values for the 4,7-diaminocoumarins and 7-aminocoumarins in this study were also determined (Table 2). Dur-
ing the course of the second titration of these compounds in aqueous H,SO, solution their absorption bands in the 290-310
nm range disappeared and were replaced by the appearance of longer wavelength absorption at 310-330 nm. Compounds III
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and IV were found to be 1-2 orders of magnitude more basic than the 4-dialkylamino derivatives VI, IX, XII, XIII, XV1, XVII,
and XIX. This anomaly in our view can be rationalized in terms of steric factors. There are three theoretically possible sites
available for secondary protonation to occur (structures C-E) (see scheme above).

In the O-protonated form C the positive charge would be expected to be localized to a large extent on the 01yC(20 triad
[8], thus retaining the susceptibility of the molecule to charge transfer upon excitation; this would explain the appearance of a
new, longer-wavelength absorption band upon protonation. We propose, therefore, that in these 4,7-diaminocoumarin
derivatives, as well as in the 7-aminocoumarins XX and XXI (secondary) protonation occurs at the lactone oxygen atom.
Introduction of a second alkyl group at the N(,, atom in the transition from coumarin I to compounds III and IV is
accompanied uniformly by an order of magnitude increase in basicity (Table 2).

The basicity of 4-dialkylaminocoumarins V1, IX, XII, XIII, X VI, XVII, and XIX is substantially reduced due to steric
hindrance between the 5-H (8-H in the case of coumarin XIX) atom and one of the alkyl groups (R!) in the flattened imine
fragment in structure C. As a consequence, diprotonation of 4-dialkylaminocoumarins takes place only in more acidic media.
In the case of coumarins I, I1I, and IV steric strain in the dicationic structure C is apparently insignificant, due to the existence
of a conformation in which the R! position is occupied by a hydrogen atom.

Analysis of these pK,! values reveals the extent of efficient p-n conjugation between the 4-amino group and the carbonyl
fragment. This is further confirmed by the observation that the basicity of coumarins XX and XXI under secondary
protonation conditions is 3-6 orders of magnitude lower than in the other compounds examined. Just as in the case of
monoprotonation, conversion of the 4-diethylamino derivatives VI and XVI to 4-morpholino-substituted coumarins IX, XII,
XVII, and XIX leads to a pronounced reduction in basicity. Coumarin XIII appears to be an exception to this trend, in that it
is 0.5-1.0 orders of magnitude more basic than the other 4-morpholino derivatives. This can probably be attributed to the
influence of the 3-cyclohexyl substituent, which partially interferes with conjugation of the unshared electron pair on the Ng)
atom as a result of steric hindrance [1].

In order to define more accurately the basicity sites in these 4,7-diaminocoumarin derivatives we have also examined the
PMR spectra of compounds IV and IX in D,SO4/D,0 solutions at pH (H,) from -0.5 to 1.2 (Table 3); we have established
that the monoprotonated forms I'Va and IXa consist of quaternary diethylhetarylammonium salts. Protonation at the Ny atom
is verified by the nonequivalence of the a—methylene proton signals, as well as by the observed downfield shift of the 6-H and
8-H ortho aromatic proton signals relative to the coumarin starting materials. In the spectra of compounds IVa and IXa in
D,S04/D;0 the 3-H proton signal is absent due to rapid deuterium exchange. The position of the 3-H proton signal in these
monoprotonated forms was ascertained, therefore, by recording the PMR spectra of coumarins IV and IX in CF;COOH (pK,
0.23). The fact that the chemical shifts for the 3-H protons in these compounds are largely unchanged relative to the spectra
obtained in deuterochloroform solution (Table 3) is also consistent with protonation at the N(1) atom and further excludes
from consideration different monocationic forms.

Using compound IV as an example, we were able in more concentrated solution of D,SO, in D,0 (H, ~ -2) to identify
the presence of two conformers IVb and IVc in a 3:2 ratio. We assume that these conformers represent dicationic forms in
which the lactone oxygen atom serves as the site of secondary protonation (structure C); rotation about the Cwy—N bond in
this structure should be hindered or retarded due to its increase in "double bonded" character. The predominant conformer IVb
is assigned the structure of the E-isomer. In the less stable Z-isomer the signal for the 5-H proton is shifted downfield as a
result of the deshielding influence of the N-benzyl substituent.

The S, excited state basicity of 4,7-diaminocoumarins I, II1, IV, VI, IX, XII, XIII, XVI, XVII, and XIX, as well as of
coumarins XX and XXI, was determined using the Ferster method [9]). The sharp decrease in basicity of 4,7-
diaminocoumarins upon excitation provides additional evidence for substantial charge transfer from the Ny;) atom to the
carbonyl group oxygen atom [2, 6]. The pK,* values for the 4-monoalkylamino-7-diethylaminocoumarins I, III, and IV are
approximately seven orders of magnitude higher than for compounds XIX and XXI, and three to five orders of magnitude
higher than for the 4-dialkylamino-7-diethylaminocoumarins VI, IX, XII, and XIII; this is in accord with the stereoelectronic
factors discussed earlier with respect to the pK,! and pK,I properties of these compounds. The 7-morpholino derivatives XVI
and XVII in their S, states are 2-4 orders of magnitude stronger acids than the analogous 7-diethylaminocoumarins VI and IX.
This can be rationalized in terms of a greater degree of localization of electron density in the morpholine ring in the ground
state, and the resulting concomitant greater facility of electron donation in the polar (excited) charge transfer state.

EXPERIMENTAL

4,7-Diaminocoumarins I-XIX were synthesized according to published procedures [1, 10]. PMR spectra were obtained on
a Bruker WM spectrometer (250 MHz) versus HMDS as internal standard.
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Spectral luminescence studies at 293 K were performed on a Hitachi EPS-3T spectrophotometer, which was equipped
with a G-3 fluorescence accessory. Fluorescence was achieved upon irradiative excitation of the long-wavelength absorption
band of the corresponding coumarin. Relative fluorescence quantum yields were determined according to [9] using 3-
aminophthalimide (g5 0.60) as a reference standard. Low-temperature (77 K) spectra were recorded using a special procedure
for such, and the reference standard for ¢; measurements at this temperature 77 K was a solution of anthracene in ethanol-
diethyl ether (2:1) (5 0.27 [9]).

pK_! Values were determined according to [11] using a spectrophotometric method in 50% ethanol solution (with
hydrochloric acid serving as the source of oxonium ions) with an EV-74 universal Ph meter equipped with glass and calomel
electrodes. pK,I Values were determined using the same method in sulfuric acid solutions having known acidity function
values. The errors in these measurements are pK.! + 0.04, pK,! + 0.10. Twice-distilled water was used to prepare all
solutions.
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