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LUMINESCENCE AND MASS-SPECTROMETRIC
INVESTIGATION OF INDOLYLQUINOLINES
AND INDOLYLACRIDINES

P. B. Kuraprov and N. A. Klyuev UDC 535.37:543.51:547.759.3'831'835

The guantum-chemical calculations in [1] show that the nitrogen atom in the pyridine ring is simultaneous-
ly a 0 and a 7 acceptor of electrons, while the pyrrole nitrogen atom is a 7 donor and a ¢ acceptor, its strong
n-donor properties more than compensating the c-acceptor effect. The presence in one system of interacting
m-electron-donor and T-electron-acceptor nuclei should result in significant intramolecular interactions, which

_ increase the electron density inthe region of the internuclear bond. The order of this bond, which is equal to
~0.4, indicates that it has a significant double-bond character [2].

With the aid of mass spectrometry it has previously been established that the molecular ion (M) in in-
dolylquinolines [2] has conjugation between hetaryl nuclei. Criteria which make it possible to evaluate the con-
jugation in M* are enumerated in [3-5]. This fact has also been noted in the ground state for other bishetero-
cycles [6, T].

The conjugation in compounds with such a structure is due to the nearly coplanar orientation of the rings,
since the magnitude of the mesomeric effect (+M) is significantly dependent on the rotation angle of the conju-
gated groups relative to one another [8].

The energies of the barrier to internal rotation in bisheterocycles, which have been calculated or deter-
mined experimentally, are 3 to 12 keal/mole [9, 10]. Such energy values suggest the real existence of stable
conformers; however, their isolation is possible only at low temperatures.

The purpose of the present investigation was to determine the energy of the singlet transition (Eg) and
the fluorescence quantum yield (¢f) of a number of indolylquinolines and indolylacridines. In these compounds
the n—donor and m-acceptor heterocyclic rings are joined to one another by a simple C-C bond. A relationship
between the value of Eg and the planarity (or conjugation) of the molecule is known [11]: The smaller is the
angle of rotation between the planes of the rings comprising the original molecule, the lower is the value of Eg.
An increase in the conjugation in the compounds investigated should cause an increase in the fluorescence quan-
tum yield, since the probability of intersystem crossing decreases [12]. In this case, a comparison of the
values of Eg and ¢fobtained independently by investigating the luminescence spectra and the mass spectromet-
ric data characterizing the conjugation in the systems under investigation is of definite interest.

We studied the following compounds:* 2-(indol-3-yl)quinoline (I), 4- (indol-3-yl)quinoline (II), 4-(1~
methylindol- 3-yl)quinoline (III), 2- (1- methylindol-3-yl)quinoline (IV), 2- (2~ methylindol-3-yl)quinoline (V), 2-
(indol- 3-y1)- 7- methylquinoline (VI), 2-(indol-3-yl)-8-methylquinoline (VII), 1-benzoyl-1,2-dihydro-2- (indol-3-
yl)quinoline (VIII), 9- (indol-3-yl)-acridine (IX), 9~ (1-methylindol-3-yl)acridine (X), and 9-(2-methylindoi-3-yl)-
acridine (XI). The values of Eg and ¢¢ and some mass-spectrometric characteristics for the compounds just
listed are presented in Table 1.

According to this table, compounds I-IV, VI, and VII, in which 7-electron conjugation between the rings
is possible, fluoresce well in polar solvents under conditions for the existence of these molecules in a nearly

*We thank Prof. A. K. Sheinkman for supplying the compounds for the experiment.
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1242, September, 1979. Original article submitted November 12, 1978.
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TABLE 1. Luminescence Characteristics and Some Mass-Spectro-
metric Data for Indolylquinolines I~ VIII and Indolylacridines IX-XI

&
b4 Literature
Com- E s by +| il N o
5 @ 4 uH st n—on )+ |cited for mass
pound ool Eg M (a) (B) spectrum
=R
Indole 98,618 0,196 293 | 39,3 — e 15
Quinoline 92,219 0,05319| 293 | 34,5 57 66,6 15
Acridine 172,919 0,029 293 35,2 7.0 14,0 t5
I 76,0 0,540 293 19,3 1,6 3,6 2
77,0 0,60 77
I 69,5 0,296 | 293 | 22,6 2,0 3.6 2
70,0 0,22 77
11 73,0 0,350 293 | 21,7 3,3 10,8 16
73,0 0,24 77
v 74,5 0,412 293 21,9 2,9 12,8 16
74.3 0,25 77
\Y% — <01 293 | 7.0 1.9 7.0
— <0,1 77
A% 78,0 0,170 | 293 | 20,6 29 9,0 16
77,5 0,37 77
VII 72,8 0,251 293 | 27,9 49 16,6
78,0 0,25 77
VII — <0,1 293 1,1 —_ — 17
82, 0,09 77
IX 62,0 0,05 293 22,4 1.9 3.5
58,5 0,21 77
X -— < 0,1 293 18,1 2,6 10,0
58,5 0,23 77
X1 — <0,1 293 7,1 1,3 2,2
58,5 0,11 77 - .

planar conformation. The values of ¢f are 1.5 to 2 times higher than for indole and 4 to 10 times higher than
for quinoline. Accordingly, the values of Eg are 20-25 kecal/mole lower thaninthe case of indole and ~20 kecal/
mole lower than in the case of quinoline.

The weak dependence of the spectral characteristics on the temperature suggests that the existing con-
formers of I-IV, VI, and VII in polar solvents are relatively stable.

Thus, the experimental data presented in Table 1 provide evidence of the significant conjugation between
hetaryl nuclei. The introduction of a methyl group into the & position of the indole ring (V) destroys the co-
planarity of the sytem due to the steric interaction and results in quenching of the fluorescence. A similar ef-
fect is observed for compound VIII, in which the internuclear bond is a simple ¢ bond and there is no conjuga-
tion.

The same rule also follows from the mass-spectrometric data. All the compounds I-1V, VI, and VII have
a high resistance (W) to electron impact (~20% of the total ion current), providing indirect evidence of the 7
character of the internuclear bond. The peaks of the [M—H]" and [M—2H]" ions have appreciable intensities.
While in indole, quinoline, and acridine the processes resulting in the elimination of hydrogen atoms from M*
are governed by randomization factors, the formation of the same ions during the fragmentation of I-1V, VI,
and VII is due to dehydrogenation ring condensation processes (according to the pattern for the formation of di-
phenylene) [2, 3, 5, 18]. This process is naturally energetically more favorable when M* has a coplanar con-
formation. The values of Wy and the indicated ratios of the intensities (I) of the peaks of the ions IM+/I[M-H]+
(A) and IM+/I[M-2H]+ (B) can serve to some extent as criteria in the evaluation of the planarity of the mole-
cule as a whole.

The values of WM for compounds V and VIII are sharply reduced by factors of ~3 and ~20, respectively.
The similar values of A and B for V and for I-1V, VI, and VII are due to the ordinary # elimination of a hydro-
gen atom from the methyl group followed by the expansion to the indole ring to form a quinoline cation [3].

The more rigorous proof of the existence of conjugation between the hetaryl rings is associated with the
study of the fragmentation of M+ in the cases of I-VIII. In the absence of conjugation the internuclear bond is a
simple ¢ bond, and in the first fragmentation step it should break under the effect of electron impact. As a re-
sult of this act, the mass spectrum should show ions with mass numbers corresponding to the quinoline and in-
dole fragments of the original molecule (with consideration of the localization of the positive charges in the ions
on the heteroatoms [3, 19]). If the character of the internuclear bond is similar to an ordinary 7 bond (whichis
realized under the conditions of a nearly planar configuration of the molecule), its cleavage does not occur.
Tahle 2 presents the results of an investigation of the mass spectra of metastable ions [20] of several specimens
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TABLE 2. Mass Spectra of Metastable Ions Obtained by the DADI
Technique for the Specimens Investigated of I, 1V, IX, and XI (the
accuracy is +0.01 V)

Com- Mass number |Initial  Deflecting| paormentation s (ma -
of "mother” |voltage, (voltage g . process (mass bum
pound fon Eqe Vg g, Vv B4 ber of "daughter” ion)
—~H
1 244 M+ 508,1 506,02 Mt —————[M~HJ+ (243)
’ —HCN
508,1 451,90 | M#—————>[M—HCNJ* (217)

) —H
243 [M—H}+ 507,4 50532 |[M—HJ+ ————— [M—2H]+ (242)
—HCN
507,4 450,98 | [M—H]*~————>[M—H,CN]* (216)

~H
v 258 M+ 506,3 504,32 | Mi——————+[M—H}+ (257)
—CH;3CN
506,3 42585 | Mi—————~>[M—CH,CNJ+ 217)

—H
257 [M—HJ*+ 507,1 505,12 | [M—HJf—————>[M—2H+  (256)
—CH,

507.1 477,48 | IM—HM ————[M—CHJ+ (242)

\% 258 M+ 506,3 504,32 | Mi——r >[M—H]+ (257)
—CH,
506,3 476,68 | M+—————>[M—CHg]* (243)
—CH,CN
506,3 49585 | Mt————+[M—CH,CN]+ (217)
—CgHgN
506,3 955,12 | Mt————~ > [M—CoHgNJ* (130)
—CgHsN :

506.3 951,18 | Mi————>[M~C;HsNJ*+ (128)

. . —H
257 [M—HJ* 508,5 506,52 |[M~H]t————>[M=2H}+  (256)
—HCN ’
5085 455,11 | [M—H}F—————>[M~H;CN]* (230)

—H
IX 294 M+ 507,3 505,58 | M+——————[M—HJ+ (293)
—HCN
——->[M~—HCN]+ (267)

507,3 460,73 | M4

—~H
293 [M—HJ* 506,0 504,28 |[IM—HJFf———>[M—-2H]*  (292)

—HCN
506,0 459,35 | [M—H}*— > {M—H,CNJ*+ (266)
—-H
X1 308 M+ 5060 | 50343 | Mt—————=[M—H}* (307)
—CHg
506,1 48145 | M+ ———>[M—CH,]* (293)
—CoHaN
506,1 | 20248 |Mi————+[M=GCHeNI*  (178)
~CisHsN
506,01 | 21362 | Mi—————>[M—CisHsN]*  (130)

—H
307 [M—H}* 509,1 507,42 |[M—H]*————{M-2H]*  (306)

—HCN .
5091 | 46435 |[M~—HJt————>[M—H,CN]* (260)

of compounds I-XI. The spectra themselves were partially published in [2, 16] and are presented in the experi-
mental part of the present report.

From the data in Table 2 it follows that cleavage of the internuclear bond in M* of compounds 1, 1V, and
IX does not occur, confirming our ideas. On the other hand, in compounds V and X1, in which the methyl group
destroys the coplanarity of M*, cleavage of the internuclear bond is observed (ions with m/e 128, 130, and 178
form).

Thus, the symbatic nature of Eg, ¢f, and the mass-spectrometric data (Wp, A, and B in the spectra of
the metastable ions) is clearly traced in the series of indolylquinolines consisting of I-VII. The results of in-
dependently carried out experiments support the maximum conjugation between the hetaryl nuclei of the sys-
tem.
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Fig. 1. Ultraviolet spectrum of IX (the solvent

was a 2:1 ethanol—diethyl ether mixture): a)
at 293°K; b) at 77°K.

TABLE 3. Mass Spectra of Compounds V, VII, and IX-XI

Com- values of m/e (intensities of ion peaks
pound as percentages of the maximum)

v 63 (3.0), 77 (3,5), 89 (4,0), 102 (3.5), 1085 (3.0), 114 (38). 115 (45), 116

(4,0), 121,5 (3.3), 127 (38), 128 (10.1). 129 {4,1). 130 (100,0), 131 {i0.2),

216 (4,3), 217 (5.1), 230 (6,4). 243 (4,8), 256 (5,3), 257 (19,5), 258 (37.2),
959 (60) -

Vil 63 (3.0(), 77 (3,2). 89 (3.1), 102 (3.5). 115 (3,0). 1215 (3,0), 122 (3,0), 128

(3.0), 1285 (4.0}, 129 (11,0), 216 (3.0), 228 (4.6), 299 (3,5), 230 (39), 242

(6.3), 243 (8,2), 244 (53), 256 (6.0), 257 (20.4). 258 (100,0), 259 (22,0)

X 51 (3.4), 63 (34), 77 (4,1). 119 (3.5), 132 (4,0), 1325 (10,1), 133 (82); 1335

(3.0). 146 (9.6), 1463 (26,0), 147 (185). 1475 (4.1). 238 (3.8), 264 (7.8),

265 (8.,1), 266 (10,2), 267 (5.0), 292 (28.6), 293 (52,6), 294 (100,0), 295

3,5

(23,5)
X 51 (3,5), 63 (3.0), 76 (3.8). 133 (3.9), 1335 (10.3). 1465 (3.2), 147 (8,1),
1475 (4,6}, 1535 (4,7), 154 (10.7). 1545 (114). 238 (3.5), 264 (8,8), 265
(8,3, 266 (7.,5), 267 (3.3), 291 (11.3), 292 (20.0), 293 (139), 294 (5,0), 305
(4,3). 306 (10,0}, 307 (38,0), 308 (100,0), 309 (26.1)
Xi 51 (3,6), 76 (3.2). 77 (6,0), 103 (6.3), 129 (56}, 130 (16,5), 132 (4,0), 1325
(8.6), 139,5 (3,5), 140 (4.1), 1455 (24.4), 146 (6,3), 1465 (4,0), 151 (10,0},
1525 (4.8), 153 (8,0), 153,5 (4.2). 154 (3.0). 178 (11,6), 264 (63), 265
(7.0), 280 (7.0). 291 (11,4). 292 (9.8), 293 (10,4}, 304 (4,4), 305 (13,7), 306
(45,4), 307 (76,9). 308 (100.0), 309 (24.4)

Such a clear correlation between the parameters presented in Table 1 is not observed in the series of in-
dolylacridines consisting of IX-XI. For example, the vidlues of Eg for compounds IX<XI are lower than that for
acridine by only ~10 keal/mole, and the value of ¢f in a polar solvent is at a minimum, suggesting that there
is no significant conjugation between the hetaryl fragments. However, when the temperature is lowered, the
value of ¢f increases significantly, and Eg decreases, suggesting the formation of a more planar conformation.

In addition, the presence of conjugation in this system can be verified with the aid of electronic absorp-
tion spectra recorded under low-temperature conditions. In fact, it was found that at 77°K there is a bathochro-
matic shift of the long-.wave band in the UV spectrum of compound IX (Fig. 1), which is evidence of an increase
in conjugation. i

From the mass-spectrometric data it follows that M* of compounds IX and X has a nearly planar confor-
mation: 1) the value of Wy is fairly high; 2) the dehydrogenation processes are intense and result in the cycli-
zation of the hetaryl nuclei, as indicated by the values of A and B and the appearance in the mass spectra of in-
tense peaks for the doubly charged ions [M—H]?" and [M~ 2H]*" [2, 3, 5]; 3) cleavage of the internuclear bond
does not occur (Table 2). Conversely, M* for compound XI has a larger packing angle between the planes of
acridine and indole fragments (owing to the introduction of a methyl group in the & position of indole). As a re--
sult, the value of Wy decreases appreciably, and cleavage of the internuclear bond is observed (Table 2). It is

obvious that in this casé, too, the values of A and B are influenced by the 8 elimination of a hydrogen atom from
the methyl group (in analogy to compound V).
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EXPERIMENTAL

The luminescence investigations at 293°K were carried out on an Hitachi model ESP-3T spectrophotom-
eter equipped with a G-3 factory fluorescence attachment. The spectra at 77°K were obtained on an SP-700
spectrophotometer with a special attachment for recording the low-temperature spectra, which was similar to
that described in [21]. The luminescence was excited with the aid of an Hg lamp at » =365 nm. At 293°K the
relative fluorescence quantum yields (¢f) were determined according to the method in [22]. A solution of 10-°
mole/liter quinine bisulfate in 0.1 N sulfuric acid (¢f= 0.55) served as a reference [22]. At 77°K a solution of
benzophenone in a 2:1 ethanol—diethyl ether system (¢p = 0.71) [22] served as the reference for the determina-
tion of ¢f. The individuality of the compounds was monitored by thin-layer chromatography in a loose layer of
AL, O, (third activity grade). The eluent was a 1:6:1:30 methanol—benzene— hexane— chloroform mixture. Abso-
lute ethano! served as the solvent at 293°K, and a 2:1 mixture of ethano! and diethyl ether served as the solvent
at T7°K.

The low-resolution mass spectra of V, VII and IX-XI were obfained for the first time and are presented
in Table 3.* The standard conditions for recording the mass spectra were as follows: accelerating voltage,
3 kV; cathode emission current, 300 pA; ionization energy, 70 eV; temperature of the ion source, 180°C.T A
Varian mode]l MAT-311 mass spectrometer was used.
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S‘qum

*The jon peaks with an intensity greater than 3% of the maximum peak in the mass spectrum are indicated.
+The admission of the specimens into the ion source was monitored according to the total ionic current (ZI =

480 to 520 pA).
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