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The 7 -electronic spectra, heats of atomization, and electronic indexes of the lactam and lac-
tim forms of anthrapyridone were calculated by the Pariser —Parr —~Pople method with allow-
ance for 25 one-electron configurations. An examination of the 7-bond orders and the
charges on the atoms showed that a system with a 7 -electron distribution close to the dis-
tribution in anthraquinone and in a-pyridone for the lactam tautometer and in a-hydroxy-
pyridine and anthraquinone for the lactim form is formed in the lactam and lactim of an-
thrapyridone. The electronic absorption bands were assigned. An analysis of the calcula-
ted values demonstrated that the long-wave band in the spectrum of the anthrapyridone is

due to charge transfer from the amide group to the ketone group. The reactivity and local-
ization energy indexes of aromatic substitution reactions calculated by the Hiickel MO method
are in satisfactory agreement with the experimental data.

It has been shown [1] that, of the two possible forms — lactam and lactim — anthrapyridone exists pri-
marily in the lactam form in solution. The electronic structure and the abosrption spectra of these tauto-
mers have not been studied. Some bands of these forms were presented in [1]. 2-Methoxyanthrapyridine
was selected as a model of the lactim form. This was done because the percentage of the lactim form in
solution is so low that one cannot record its electronic spectrum. Replacement of the hydroxyl group by a
methoxy group does not lead to substantial changes in the electronic spectra. The present paper is devoted
to a study of the electronic structures and absorption spectra of the tautomers of the lactam and lactim
forms by the Pariser-Parr-Pople (PPP) method. The calculation was made with allowance for the inter-
action of 25 one-electron configurations by the method in [2]. The reactivity indexes were calculated by the
Hiickel MO method. The heats of atomization were calculated with a program that we worked out with real-
ization of the Dewar algorithm.

7 ~-Electronic Structures

The relative stabilities of the lactam and lactim forms can be estimated from the heats of atomization
(AH) and, in special cases, from the Egp- and Egp-bond energies. It is seen from Table 1 that the lactim:
form is somewhat more favorable than the lactam form with respect to the atomization energies. On the
other hand, according to the experimental data, the lactam form is more favorable [1]. The bond energies
of the two tautomers are approximately identical. The contradictory conclusions regarding the stabilities
of the tautomers with respect to the experimental and calculated values can be explained as follows. The
calculations were made for the gas phase without allowance for

TABLE 1. Energy Characteristics the intermolecular interactions. The experimental data were
of Anthrapyridone Tautomers obtained from solutions or from crystals, in which hydrogen

1 o bonds and the other intermolecular interactions may lead fo a
Molecule | £y &V | Fqp ,eV‘ eV shift in the equilibrium [3]. The experimental data on a-pyri-

done, according to which a-pyridone exists in the lactim form
in the gas phase but in the lactam form in the crystalline state
and in solution [4], constitute a confirmation of this explanation.

5 149,50

2855 | 812 \
| 8126 | 14968

81,
11 28,49 81,

* Communication V from the series "Synthesis and Properties
of Dyes." See [1] for communication IV,
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TABLE 2. w-Electron Characteristics and Bond Lengths

Charge (Q;) Ground
- “ state 3
. —_— b=}
Gompound g - | 3 Bond ] - SS
£ Se | S ol % lbond
1<) 3L [SIR= S 8 e 01l
2 5os - g 3305‘;82“1 order
; ( .
1 —0406| —0500] 1—2 | 0834 | 1,257 | 0,741
2 i 0284 0,205 | 2—3 | 0,303 | 1,459 | 0.354
3 1 0017 | —0041 | 2—15 0.909 | 1460 | 0.387
4 0,046 0.040 | 3—4 | 0.643 | 1,400 | 0,626
5 0,010 | —0,009 | 3—8 | 0,599 | 1,408 | 0574
7 6 0,022 0,010 | 4—5 | 0,664 | 1,396 | 0.678
7 0.010 | —0,006 | 5—6 | 0,661 | 1,397 | 0,645
8 0007 | ~0,024 | 6—7 | 0,666 | 1,396 0682
9 0,042 —0,051 | 7—8 | 0.638 | 1,401 | 0,616
10 | —0027 0,033 | 8—9 | 0,323 | 1,456 | 0.371
11 0,014 0,033 | 9—10| 0,368 | 1,448 | 0.495
12 | —0,007 | —0,067 | 9—16| 0,823 | 1,369 | 0.660
i3 0018 0,006 [10—11| 0,615 | 1,405 | 0446
14 0,040 0,125 {10—15| 0,578 | 1,411 | 0,520
15 | —0,012 | —0075 [11—12} 0,617 | 1,405 0.540
16 0,002 | —0,076 {11—19} 0,303 | 1,394 | 0,545
17 | —0.476 | —0,340 {12—13| 0,688 | 1,392 0.660
18 0,251 0,152 113—14! 0,640 | 1,401 | 0,579
19 0,200 0,590 [14—15| 0,662 | 1,397 | 0,599
16—18| 0,357 | 1,450 | 0,418
1718} 0,789 | 1,265 0,121
18—19| 0,382 | 1,380 | 0.466
1 | —0413 | —0485 | 1—2 | 0,827 | 1,958 | 0.745
2 0,282 0,200 | 2—3 | 0,302 | 1,459 | 0,356
3 | —0014| —0,041 | 2—15| 0,312 | 1,458 | 0,374
4 0,044 0050 | 3—4 | 0,639 | 1,40t | 0,632
5 | 0005 0,021 | 3—8 | 0,602 | 1,407 | 0,544
6 | 0017 —0006 | 4—5 | 0,668 | 1.396 | 0.657
7 1 0001 0,017 | 5—6 | 0,658 | 1,397 | 0,625
8 | 0007 —0002|6—7 {0671 | 1,395 0.692
9 ! 0044 —0012|7—8] 0635 | 1,401 | 0,582
10 | —0016 0,017 | 8-9 | 0,322 | 1.456 | 0,412
11 0,069 0,142 | 9—10| 0,499 | 1,425 0,451
e 12 0,021 | —0,034 | 9—16] 0,721 | 1.386 | 0.638
At 13 0.007 | —0,009 10—11| 0,569 | 1.413 | 0,420
o 14 0,052 0,131 [10—15} 0,515 | 1,422 | 0,555
15 1 —0,024 | ~0054 |11—12} 0,521 | 1,421 | 0.498
16 | —0028 | —0,147 {11—19| 0514 | 1.356 | 0.574
17 0,061 0,195 {12—13] 0,750 | 1,381 | 0.701
18 0.151 0,191 113—14] 0,579 | 1,411 | 0,564
19 | —0,270 | —0,272 |14—15! 0,707 | 1.389 | 0.687
16—18] 0,547 | 1.417 | 0,525
17—18{ 0,263 | 1,351 | 0.452
18—19] 0,708 | 1,322 | 0,547
1 0,387 0424 | 1—2 | 0476 | — | 0427
5 2 0,005 | —0,148 | 1—6 | 0.460 | — | 0,399
3Ny 3 —0,063 0,096 | 2—3 | 0,797 | — | 0,562
A Tk 1 0,044 | —0,i74 | 3—4 | 0499 | — | 0632
N0 5 —0,020 | —0,127 | 4—5 | 0817 | — | 0496
H 6 0,183 0,151 { 5—6 | 0,412 | — | 0,466
7 —-0535 | ~0221 | 6—7 | 0730 | — 0717
1 —0,408 | —0,533 | 1—2 | 0,834 | — | 0.707
.o 2 | 09293 0,165 | 2—3 | 0,998 | — | 0.384
s 3 —0,009 0,055
6 4 0,045 0,027
s 5 0,021 0,099
Y 6 0,021 | 0,099
‘o 7 0,045 0,027
8 —0,009 0,058 co ‘

It is seen from the Pyg and Q; values that the distribution of the electron density in the ketone and
amide groups and in the adjacent C=C bonds in the anthrapyridone molecule is close to the 7 distribution
in the corresponding bonds of anthraquinone and ¢-pyridone (Table 2), The distribution of the electron den-
sity and of the charges in the heteroring of the molecule of the lactim form is close to that in pyridine,

Pronounced redistribution of the electron density occurs in the first excited state, The 7-dipole mo-
ment of the molecule in the excited state (u =9.88) is almost double the dipole moment (u =5.61) in the
ground state. The bond orders in the rings are equalized to a considerable degree due to a shift in the
electron density from the pyridone or pyridol rings towards the ketone group. A large positive charge
(+0.125, Table 2) appears on the carbon atom in the 6 position (Table 3). Consequently, this position should
undergo nucleophilic attack.
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TABLE 3. Reactivity Indexes

Anthrapyridone

Compound

Posi-
tion of
atom

-
|
|
I

Ly

|
Ly | Lx
|

fe

I

1 ‘
1,816 1,900 |
2981 | 2295
2343 | 9515
2,328 | 2343
2361 | 2541
2,386 | 2.483

——

— e

— O @D U

— 00O U ko

2,408
2,330

1,968
2,110
2,445
2,173
2,340
2,383
2,410
2,320

2,687
2,415

2,137
2,355
2,543
2,483
2,550
2,467
2,687
2,405

1,858
2,288
2,464
2,335
2,451
2,435
2,497
2,370

2,052
2,232
2,494
2,328
2.446
2,425
2,498
2,363

0,162
0,025
0,034
0,079
0,007
0.013
0,002
0,007

0,023
0,150
0,011
0.118
0,013
0,049
0,002
0,013

0,159
0,086
0,037
0,052
0,016
0.029
0,034

0,543
0.449
0.401
0.436
0.226
0.205
0,404

0,010 | 0,425,

|
0,109 ! 0,481
0,102 | 0,460
0,027 | 0,402
0,082 1 0,386
0,011 1 0423
0,037 { 0,405
0,035 | 0,403
0,013 0.425

|
|

TABLE 4. Calculated and Experimental Electronic Spectra of the

Lactim Form of Anthrapyridone

f
i 1 - =
J 8= @ L |- B S Weights of the
RtaD g:;m% °8™ _:E N excigted con-
g 0d>lmds | 93§ ’ELE) :)0 = figurations
___c?x___r i A}"m_fr nm !8§§ I‘::lE S D(?. g
| I ; |
173973! 390 v 0211 3,742 134° 81,0 (10—11); 6.2 (9—11)
1T 347,1| 347 \ 0,341 4,122 4 68,8 (9—11); 10,2 (8—11);
i ‘ 4.8 (10—11)
1| 3154 — } 0,100 168 62,4 (8—11); 10,2 (7—11);
3 84 (9—11); 48 (9—19)
IV | 3083 3083 | 0,553 3,989 224 68,9 (7—11); 10,2 (10—12);
‘ : 68 (9—I11); 4,0 (9—12)
V12653 0,708 6 32,4 (10—13); 22,9 (10—12);
) ! ! 84 (9—13); 7.3 (10—11)
Vi 261,0; 261,0 0,586 4062 |, 79 17,7 (10—13); 16.6 (9—12);
| ! | 16,6 (9—13); 150 (8—11);
) \ t 138 (10—14)
VII} 25291 2529 ‘ 0,045 4,057 24 33,6 (10—13); 21,2 (9—12);
. } ] 11,8 (10—12); 6.80 (9—13)
VIITi 2469 2469 : 0,145 : 4,136 ‘ 352 \ 31,2 (10—14); 22,2 (9—12);
] | ' ! | 152 (9—12); 139 (9—14)
IX| 2397 i 0,104 P32 28,1 (9—14); 296 (10—14);
| j i ‘ 6,1 (8—12)
X 12309, 0.642 po122 5,8 (7—12); 5.6 (10—14);
| ' 45 (8—12); 45 (8—13);
‘ i. 45,0 (6—t1); 89 (9—12);
: | 105 (9—13)
Xl 2219 ‘\ 0,165 24 250 (9—14); 15,3 (7—12);
| i ‘ ‘ P 270 (8—12); 100 (9—13)
NI 1 EZH,BJ 0,162 c56 11,0 (7—12); 55 (9--13);
) ! i I 7.4 (7—13); 58.8 (10—15)
.\HI|2!2,0 AT 115 6.6 (9—14); 59 (7-13);
| | ! 136 (79); 110 (10—15);
! . 11,5 (8—13); 288 (8—14)

Aromatic Substitution Reactions

According to the experimental data, anthrapyridone readily undergoes nucleophilic substitution re-
actions (1 position > 6 position > 4 position) and electrophilic substitutions (1 position > 6 position) [5, 6].

In examining the reactivities by the MO method within the 7 -electron approximation, one usually pro-
ceeds from reactions occurring through the formation of intermediate 7 and ¢ complexes. In the first case,
it is assumed that electrophilic (f ) attack is directed to the atom with the maximum 7 -electron density,
while nucleophilic (f i) attack is directed to the atom with the minimum 7 -electron density. However a
more correct approach is a discussion of the principles of the orientations of aromatic substitution pro-
ceeding from the limiting electron densities [7]. It is seen from an examination of the electron densities
in the 1, 4, 5, and 6 positions (Table 3) that their values are not in agreement with the experimental order
of aromatic substitution. It follows from the calculated values of the limiting densities (f g and f ) for the

707



111

5,0 a
4,5 4,5 b
\
40 40
N |
3,54 3,5 N '
3,04 ! l 3,04 L
G Al
240

220 260 300 340 360 A Om 280 320 360 400 440

Fig. 1. Experimental and calculated electronic spectra of 50% eth-
anol solutions: a) lactim form of anthrapyridone (2-methoxyanthra-
pyridine); b) lactam form of anthrapyridone (anthrapyridone).

TABLE 5. Calculated and Experimental Electronic Spectrum of the
Lactim Form of Anthrapyridone

|
— O 3 | - [ E:3
!2' 21 Bwg {85 ClEoIRw Weight of the
g |08 ads )o-;;o d2 w0 i § » | ?,xme‘ on-
=] -9 | o8 oo },_. g iguration
= 2 '8"" 5} oo |93 ‘
max O ol«»-|m..-.... fa @
i ! |
Ul aees] 35t | 0,200 147 268° | 68,0 (10—11); 60 (8—I11);
! b4 (10—14); 230 (9—11)
I | 3392 — - 0399 — 33 1 30,0 (10—~11); 81 (10—14);
: { 498 (9—11)
T ¢ 3074 311 0,051 1,28 341 | 70 (10—12);622 (8—11);
L 133 (7—11)
V3050, — 0,031 — 49 | 88(10—12); 238 (8—I11);
' ‘ [ .80 (8—12):420 (7—11)
V|gsesl — | 0245 — 108 . 57. (10—12); 6,0 (9—12);
v | L 130 (d0Z12): 350 t0—19)
— 0,080 — 192 X -—12); 395, —13);
I o B (9—13) 31,0 (10—14)
Vvl — 0,629 - 395 | 19,0 (10—13); 31,0 (10—14);
el 180 (9—11); 180 (9—I12)
VI L gg08!  — 0,095 - 331 | 60 (7—~12); 50 (9—15);
T {120 (10—~13); 9,0 (10—14);
| . © 90 (8—12);210 (6—11)
X gsg0| — o 0627 | — 999 ' 200 (9—14): 80 (10—13);
T | : | 16,0 (10—14); 280  (8—12);
] ; i ; 9.0 (10—15)
| . {

lactam form that the most reactive site for electrophilic and nucleophilic substitution reactions is the 1 po-
sition [1], followed by the 6 position for electrophilic substitution and the 4 position for nucleophilic sub-
stitution; this is in agreement with the experimental data.

In the case of the 0 complex, the reactivity is characterized by the localization energies, which usu-
ally give a better description of aromatic substitution than the reactivity indexes of the isolated molecule

[8l.

It is seen from Table 3 that, according to the magnitudes of the localization energies of electrophilic
(Lg) and nucleophilic (L)) substitution, the most reactive site for both electrophilic and nucleophilic attack
of the lactim and lactam forms in neutral media is the carbon atom in the 1 position, This is in good agree-
ment with the experimental data. According to the Ly and Ly values (Table 3), attack then proceeds at the
4 and 6 positions. Inasmuch as the L and Ly values are close, one should assume that the reactivities in
these positions are approximately identical.

Absorption Spectra of the Lactam and Lactim Forms

It is apparent from the data in Table 4 that the calculated and experimental A 5% values are in satis-
factory agreement (Fig. 1). This attests to the correct selection of the computational parameters. Accord-
ing to the weights of the excited configurations, 81% of the long-wave I band (Table 4) pertains to transition
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from the upper occupied MO (UOMO) or ¥ 4, to the lower vacant MO (LVMO) or % 4;. From an examination
of the coefficients of resolution of the UOMO and LVMO with respect to the atomic orbitals, this transition
pertains to an S;o* transition polarized at 134° relative to the y axis. According to the change in the elec-
tron distribution of the charges in the molecular diagrams in the ground and excited states, the transition
is realized through charge transfer from the amide group to the keto group. This band can therefore be
called an intramolecular charge transfer band. The oscillator force (f) is 0.21. According to CI, 69% -
of the II band (347 nm) is due to the ¢ gy 4, transition. The assignment of the other bands is presented in
Table 4.

The long-wave band of the lactim form is due primarily (68%) to transition between the § 4= 5y MO
and (23%) the y 4~ 44 transition and is polarized at 268° relative to the y axis (Table 5). According to the
matrix of the coefficients of expansion in the formation of the 3 ;¢ 43 MO, the participation of the MO of
the carbon atoms and the MO of the hetercatoms is almost identical. The hydroxyl oxygen atom makes the
greatest contribution to the 4 MO. If is apparent from a consideration of the change in the charges in the
molecular diagrams on passing from the ground state to the excited state that the electron charges migrate
from the lactim ring to the anthraquinone system during the long-wave transition. The second band (339
nm) is polarized at 33° relative to the y axis and is 1.5 times more intense than the long-wave band; this is
in good agreement with the experimental results. According to the CI, it is due primarily to transition
between 3 45 and ¥ 4; (30%) and transition between y ¢ and § 44 (50%). The rest of the bands are presented in
Table 5.
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