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The reactivity indexes of the neutral, dipolar, cationic, and anionic forms of 3-hydroxy-
quinoline were calculated by the simple MO LCAO method using dynamic and statistical
approximations, The predicted (on the basis of the localization energies) charge dis-
tributions, boundary densities, free valence indexes, and orientations of electrophilic
substituents for the cationic and anionic forms of 3-hydroxyquinoline are in good agree-
ment with the experimental data. The orientations of nucleophilic and radical sub-
stituents for the four forms of 3-hydroxyquinoline are predicted. The reactivity
indexes of the neutral form of 3~hydroxyquinoline were calculated by means of the
Pariser—Parr—Pople method.

In our plan for investigating the relationship between the electronic structure and chemical behavior
in substitution reactions in a number of hydroxy derivatives of heterocyclic compounds, we turned toa quan-
tum-mechanical calculation of the structure of 3-hydroxyquinoline. The goal of the present study was to
obtain the reactivity indexes using approximations of isolated and reacting forms of the molecules and cor~
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relation of them with the experimental data.
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The calculation of the possible forms (A, B, C, and D) of 3~-hydroxyquinoline [1, 2] was performed
with the simple Hiickel MO LCAO method with a BESM-4 computer. The coulombic integrals (Table 1) were
found by variation, and the resonance integrals were taken from Pullman. The Hickel MO program was
kindly placed at our disposal by D. A. Bochvar and A, Tutkevich. The neutral molecule was calculated by
the Pariser—Parr—Pople (PPP) method with the program of D. I. Kagan [3].
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TABLE 1. Calculated Parameters

Counlombic integral, Coulombic integral,
Element Form | o = o y+hyBy Form dlp=0ig+ hyB,
Carbbn A he,a,c =0 C he,c,c =0
. 2 8 10 T A 10
Nitrogen hy=02 hn=02
Oxygen ho=20 ho=1,2
Carbon B he,, ¢, ¢, =0 D ke, c,c =0
Nitrogen hn=0,34 An=0,34
Oxygen ho=20 ho=12
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TABLE 2. Energy Characteristics of 3-Hydroxyquinoline in Beta

Units
Compound ; AE
DE DEq/n E E FHOMO~ | *mas M

form | P HOMO | “LFMO EELFMO ]

A 3,81 03175 0,6284 0,511 12195 320

) 3,80 0,3166 0,6505 0,5650 1,2166 340

G 3.8 03183 0,6007 0.5927 1,1934 360

D 387 03225 oseel | 05708 1,1654 367

\

TABLE 3. Bond Orders, Bond Lengths, and 7~ Electron Densities

Calculated ' .x-Electron
Form Bond Bonfi order bondlength.yg Atom | density
A (0,744 *
1—2 0,7244 1,319 1 1,0852
(0,5142)
=10 5518 1350 : | ogm
(0,5104)
2—3 0,5006 1,409 3 0,9721
(0,7056)
3—4 0,7100 1,389 4 1,0094
(0,52411)
4—9 0,5569 1413 5 1,0015
(0,5306)
95 0,5540 1415 6 1,001
(0,5879) :
910 0,51 1,422 7 0,960
(0,75511)
5—6 0,7945 1,386 8 1,0041
(0,5678) ,
6—7 0,6033 1,407 9 0,9996
(0,7651)
7—8 0,7937 1,386 10 0,9913
(0,5989)
810 0,556 1,416 11 1,9610
(0,3434)
3—I11 0,1981 1,388
B 1—2 0,7186 1,320 1 1,1458
[—10 0,5476 1,350 9 0,9448
28 0,5018 1,408 3 0,9745
3—4 0,700 1,389 4 0,9903
4—9 0,5605 1415 5 0,9983
95 05541 1,415 I 1,002
9—10 05179 1,422 7 0,9964
0,7943 1,386 8 1,0077
67 0,6035 1,407 9 1,0001
7—8 0.7230 1,386 10 09793
810 05572 1,414 11 1,9611
3—11 0,1974 1,388
c 1~2 0,761 1,319 1 1,0848
1—10 05502 1,350 2 09757
23 0,5857 1,410 3 9760
3—4 0,7040 1,290 4 1,068
4-9 0,5583 1,415 5 1,0083
95 0,5536 1,415 6 10012
9—10 0,5168 1,422 7 10017
0,7244 1,386 8 1,0039
67 . 05033 1,407 9 0,9996
78 0,7232 1,386 10 0,9635
810 0,5668 1,415 B 1,9430
3—11 0,2371 1,380
D —2 0,7221 1,320 1 1,1442
1—10 05457 1,351 2 0,9523"
23 0,6798 1,411 3 96590
3—4 0, 1,391 4 1,0138
49 0,5504 1,414 5 1
[ 0,5532 1,415 6 1,009(
910 0,5166 1,422 7 - 1,0002
56 0,7243 1,386 8 1,0070
6—7 0,6085 1,407 9 0,9998
7—8 07224 1,386 10 0,9856
810 0,5584 1,414 1 1,9927
31 0,2770 1,372

*The values calculated by the PPP method are given in parentheses.
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TABLE 4. Reactivity Indexes of 3-Hydroxyquinoline

Form |Af°M | Ly Ly Ly Q fa f 7
No.
(-+0,0899)% | (0,0259) | (0,3542) | (0,4672)
A 2 2,5510 | 24500 | 25060 +0,0259 | 00233 | 01069 | 0417
(—0,0378) | (0,3424) | (0,3623) | (0,4823)
4 2,2612 | 2,2580 | 22696 |- —0,0004 | 0,1906 | 0,1849 | 04651
(—0,0077) | (0,3225) | (0,2857) | (0,4464)
5 23540 | 2,3522 | 23536 | —00015 | 0,1911 | 0,1651 | 04535
(—0,0034) | (0,0187) | (QM71) | (0,4022)
6 2,7506 | 2,7506 | 2,7506 —0,0012 | 00540 | 0,0656 | 04042
(—0,0017) | (0,2777) | (0,1050) | (0,4091)
7 24732 | 24722 | 24797 | 40,0001 | 0,0809 | 00649 | 0,405
(+0,0022) | (0,2467) | (0,3004) | (0,4480)
8 23004 | 23004 | 23004 —0,0041 | 01777 | 0.1859 | 04522
B 2 2,5762 2,3040 2,4401 40,0652 | 0,0144 0,1233 0,4216
4 23064 | 22140 | 2,2602 +0,0097 | 0,1778 0,1992 | 0,466l
5 92,3054 | 22814 | 29034 40,0017 | 0,1989 0,1566 | 04536
6 24802 | 24802 | 24802 —0,0021 | 0,0616 0,0501 | 0,4042
7 2,4886 2,4556 2,4721 +0,0046 | 0,0807 0,06867 0,40653
8 23018 | 23018 | 12,3018 —0,0077 | 0,1880 01516 | 04516
c 2 24980 | 23612 | 2432 +0,0243 | 0,0064 0,1007 | 04202
4 2,144 21616 | 2,1880 —0,0068 | 0,2062 0,1819 | 04697
5 2,2830 | 2,2688 | 29759 —0,0033 | 0,727 0,1642 | 10,4540
6 24800 | 24800 | 2,4800 —0,0012 | 0,0400 00665 | 04043
7. | 24592 | 24400 | 24496 ~0,0017 | 0,0868 0,0637 | 04065
8 2,3008 | 23008 | 2,3008 —0,0039 | 0,1429 0,1659 | 0,4520
D 2 25088 | 2,2032 | 24010 40477 | 0,000061 | 0,1336 | 0,4301
4 2,2008 | 2,172 | 2,192 —0,0138 | 0,2070 0,1857 | 04763
5 2,2822 2,2744 2,2783 —0,0029 | 0,1622 | 0,1643 0,4545
6 24802 | 24802 | 24802 —0,0021 | 0,0289 0,0617 | 0,4042
7 24678 | 24470 | 24524 —0,0002 | 0,0009 0,0631 | 0,406l
8 2,3030 | 2,3030 | 2,3080 —0,0070 | 0,1292 0,1534 | 04512
*The RI values calculated by the PPP method are presented in
parentheses.

TABLE 5. Predicted (on the basis of localization energies) and
Experimental Orientations of Electrophilic Substituents in 3-

Hydroxyquinoline
Molecule Hiickel MO method Exptl, data
A 4>8>5>7>2>6 —
B 4=5=8>7, 6>2 4 (NOy*, Br+
C 4>5>8>7>6>2 4 (Br+, CI+,I%, ArNy+, RyN)
D 4>6>8>T>6>2

The calculation of the energy levels of the A, B, C, and D forms demonstrates that the = electrons
of the rings and the unshared pair of electrons of the exocyclic oxygen atom are located in bonding orbitals,
which is responsible for the formation of a stable, closed molecular shell.

To estimate the thermodynamic stability of the A, B, C, and D forms, we calculated the energies of
the m-electron delocalization energies (DE;) and the energies of delocalization per 7 electron (DE.,,./n). It
is apparent from Table 2, that these values are close to those in benzene (0.333 B).

The existence of forms A and D of 3-hydroxyquinoline in equilibrium should be associated with the
proximity of the energies of these forms, particularly DE;. The calculated DE; and DEg/n values range
from 3.80 to 3.87 and 0.3166 to 0.3225, respectively. The delocalization energies of the forms that contain
an exocyclic anionic oxygen are somewhat higher than the DE, values of the hydroxyl-containing forms.
The data obtained on DE, are evidence in favor of dipolar and anionic forms of 3-hydroxyquinoline. How-
ever, if one takes into account the energy of the ¢ bonds of the OH groups (101.36 + 0.3 kcal/mole) and of
the NH groups (833 keal/mole) [4], one should expect that the neutral form (A) is to be preferred over
the dipolar or anionic form in an inert medium. In fact, investigations of the UV spectra attest to the ab-
sence of the dipolar form for 3-hydroxyquinoline. The order (pc_o) and length of the C—0O bond and the
m-electron charge (Q;) on the oxygen atom (Table 3) are evidence for interaction of the exocyclic oxygen
atom with the pyridine ring in 3-hydroxyquinoline. In this case, the conjugation of the anionic oxygen atom
is considerably higher than that of the hydroxyl oxygen: 1) the pc.o bond order is 20-40% higher than the
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pc-og bond order; 2) the bond lengths found from the calculated pxy values in the neutral form are 1.388 A
compared with 1.372-1.380 A in the anionic form; 3) the m-electron charge on the anionic oxygen atom is
almost twice that (QW) on the phenolic oxygen atom.

The interaction of the exocyclic oxygen atom with the aromatic ring is in agreement with the x-ray
diffraction data, according to which the interatomic C—O distance [5] in the model compound — 8-hydroxy-
quinoline —~ is reduced by 0.15 A as compared with C— O in saturated compounds. The calculated bondorders
and lengths of the quinoline ring are high (Table 3), which may be associated with the high degree of aro-
matic character of the ring. However, in contrast to 3-hydroxypyridine, a considerably greater difference
in the bond orders in the rings is observed in the studied compounds. Thus, the orders of the 1—-2, 3—4,
5—6, and 7—8 bonds are considerably higher than the orders of the remaining bonds in the ring. This con-
firms the hypothesis of fixation of the double bonds of the quinoline ring, which is responsible for its chem-
ical behavior [6]. A similar fixation of the double bonds was previously observed [7] for B-naphthol.

The interatomic distances for the four forms of 3-hydroxyquinoline (Table 3), calculated from for-
mula [8] using the bond orders that we obtained, are in good agreement with the known experimental data
on the interatomic distances of the C*C and C*N bonds in 8-hydroxyquinoline [5].

The distribution of the r-electron density in the 3-hydroxyquinoline ring is not uniform (Table 3).
This is due to the high electronegativity of the cyclic nitrogen atom (3.0) as compared with the electro-
negativity of the carbon atom (~ 2.5). In this case, the negative r-electron charge is concentrated on the
nitrogen atom. Protonation of the nitrogen atom leads to a pronounced increase in the negative w-electron
charge on nitrogen and to a corresponding decrease in the charge on the carbon atom.

The differences between the higher occupied molecular orbital (HOMO) and the lower free molecular
orbital (LFMO) correlate satisfactorily with the wavelength of the absorption maximum in the electronic
spectrum of the corresponding form (Table 2).

The m-electron characteristics [reactivity indexes (RI)] of the ground state of the molecule were used
to examine the reactivities of the molecules in the static state (r complex intermediate state), while the
localization energies were calculated for examination of the reactivities in the dynamic approximation (with
a ¢ complex as the intermediate state). The latter usually better describes aromatic substitution than do
the RI of molecules in the static state [9].

The experimental data demonstrate that the most reactive position of the pyridine ring in nitration
and bromination in acidic media is the 4 position. The calculated localization energies (LE) are in good
agreement with the above-indicated experimental data. Thus the localization energies in the 4, 8, and 5
positions are practically identical, while the localization energy for the 2 position is very high. There are
probably additional conditions associated with the specificity of the electrophilic agents that are responsible
for reaction primarily at the 4 position.

3-Hydroxyquinoline is in the anionic form (C) in reactions that occur in alkaline media [10, 11] (azo
coupling, aminomethylation, iodination, and bromination). The calculation of L for the anionic form of
3-hydroxyquinoline indicates maximum reactivity at the 4 position and minimum reactivity at the 2 position
of the pyridine ring. The latter is in agreement with the available experimental data, according to which
4-substituted reaction products are formed during aminomethylation and iodination of 3-hydroxyquinoline.
In contrast to the cationic form, the condensed benzene ring is comparatively less reactive than the 4 po-
sition of the pyridine ring according to the calculated Ly in the anionic form (Tables 4 and 5).

There are no data available for nucleophilic and radical substitution reactions. The predicted order
of substitution for these reactions according to the calculated Ly and Ly values is presented in Tables 4
and 5.

It is of interest to examine the orientation of aromatic substitution proceeding from the reactivity
indexes of the static 3-hydroxyquinoline model. For the neutral and dipolar forms, the predicted orders
of orientation of electrophilic, nucleophilic, and radical substitutions with respect to the charge distribution
(Q), boundary electron densities (fg, fy), and the free valence indexes (Fj) are in complete agreement with
the orders of orientations obtained on the basis of the localization energies (Tables 4 and 5). It should be
noted that the RI of form A in the static approximation (Table 4), which were obtained by the PPP method,
are in good agreement with the RI obtained by the Hiickel MO method.
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An examination of the RI (Q, f g, fN, Fy) of the anionic form (C) gives the same order of aromatic
substitution as the calculated values of the localization energies (L, Ly, Lg). Thus the RI (Lg, Q, g,
F;) predict an order of orientation of electrophilic substituents that is in agreement with the experimental
data.

The calculated Q and f y; values for the cationic form predict that the condensed benzene ring is the
most reactive center.
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