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the solution stirred at room temperature overnight. The
solution was concentrated under reduced pressure, diluted
with water and extracted with methylene chloride. The
extract was dried with sodium suifate and concentrated to
dryness. The residue (0.80 g.) was recrystallized from
benzene and sublimed for analysis, m.p. 188-189°, [«]D
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—87.3°; AEROE 946 (8,400) and 303 mp (2,100), shid. 312
mu (1,900); Amia 224 (2,900) and 271 mpu (590).

Anal. Caled. for CyHuN:0: C, 76.47; H, 8.78; N,
9.39. Found: C, 76.76; H, 8.78; N, 9.50.

Summir, N. J.
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A Comparison of the Structure and Reactivity of Pyridine and Pyridine-1-oxide

BY RODERICK A. BARNES
RECEIVED OCTOBER 23, 1958

The electron distribution and atom localization energies of pyridine and pyridine-1-oxide have been calculated by the

molecular orbital method using a consistent set of parameters for both molecules.

The results have been compared with the

available experimental data and satisfactory agreement is observed if the resonance integral of the oxygen—nitrogen bond of

pyridine-1-oxide is approximately 0.758.

The resonance or valence-bond method for ap-
proximating the true electron distribution works
very well for aromatic systems containing no het-
eroatoms. However, in heterocycles such as pyri-
dine-1-oxide this method may be of doubtful value
even for a gualitative description. For example,
from contributing structures I and II it could be
assumed that pyridine-1-oxide has a small negative
charge at carbon two because of the somewhat

greater stability! of structure IT; but, whether the
contributions of the two structures are really suf-
ficiently different to produce a finite charge at this
position could not be predicted with any degree of
confidence.

The failure of the valence-bond procedure for
guantitative descriptions of heterocycles results from
the fact that there is no generally acceptable method
for determining exactly the contribution of charged
structures such as I and I1.2

In contrast, the simple molecular orbital method,
although subject to some limitations® affords a
convenient procedure for calculating the charge dis-
tribution and relative reactivity of heterocyclic
molecules. The main difficulty is in deciding on the
correct parameters to be used in the calculations.
The ideal situation, in which one set of parameters
would serve for a quantitatively accurate descrip-
tion of all heterocycles, is quite unlikely to be opera-
tive, but the definition of a set of parameters which
give a good qualitative description of a wide variety
of heterocycles may be realizable.

The purpose of this paper is to compare the re-
activity and electron distribution of pyridine and
pyridine-1-oxide, as calculated using a consistent
set of parameters for both molecules with the avail-
able experimental data. Many of the earlier calcu-

(1) The smaller separation of charge and the greater number of
bonds in II are the reasons for the prediction of its greater stability.

(2) B. Bak, Acta Chim. Scand., 9, 1355 (1955}, has proposed a
formula fot determining the contribution of charged aud uncharged
structures from accurate values for the bond lengths, but this pro-

cedure has been tested for only a few examples.
(3) R. D. Brown, Quart. Revs., 6, 63 (1952).

lations for systems containing nitrogen atoms as-
sumed that the coulomb integral of nitrogen was
represented by ax = ac + 28, but in this work the
suggestion of Coulson* that ey = ac + /28 has
been followed. Recent calculations by Brown®
have demonstrated that for attack of the phenyl
radical on the pyridine nucleus, only the parameters
used here, ax = ac + /38 and Scny = 8, produced
calculated reactivities which agree with the experi-
mentally observed rate factors.® Other calcula-
tions for pyridine? and pyridine-1-oxide? have been
made using rather different values for the coulomb
integral of nitrogen.

Because there was little basis for choosing a value
for the resonance integral of the nitrogen-oxygen
bond (Bwo), the calculations for pyridine-1-oxide
were repeated using three different values covering
the range in which the true value is almost cer-
tainly located. The charge distributions result-
ing from these calculations are given Fig. 1.

Itisapparent that the change in value of Bno hasa
profound effect on the charge distribution of pyri-
dine-1-oxide. For the lower value of Bno, the
charges on the carbons are much as in pyridine, but
at the higher values a part of the negative charge on
the oxygen atom appears at positions 2 and 4.
In principle it should be possible to determine ex-
actly the value of Sno by calculating the dipole
moment for various values of 8xo, and comparing
it with the experimental value. The part of the
moment which arises from the w-electrons is read-
ily calculated, but there is difficulty in deciding on
the values to be used for the ¢-bond moments,
which certainly must vary with the charge on the
two atoms of the bond. In spite of this uncer-
tainty, these calculations have been made in a man-

(4) Coulson, **Valence,” Ozxford University Press, Amen House,
London E. C. 4, 1952, p. 242.

(3) R. D. Brown, J. Chem. Soc., 272 (1956).

(8) The only uncertainty about these calculations is that the
coefficient a of the equation RT log ki/ks = a (Ax — Ay), which re-
lates rate constants to atom localization energies (A1), was assumed
to be the same for phenyl radicals as for trichloromethyl radicals,

(7) P. Yvan, Compt. rend., 229, 622 (1949), used eN = aC + 8 and
BCN = B but neglected inductive effects.

(8) H. H. Jaffé, THis JOURNAL, T6, 3527 (1954), calculated the cou-
lomb integrals aNy = «C 4 2.0048 and a0 = a¢ + 1.0168 from a re-
lationship he has developed between the coulomb integral and the

substituent constants of the Hammett equation; see H. H. Jaffé,
J. Chem. Phys., 20, 279 (1952).
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ner simtlar to that of Orgel, Cottrell, Dick and
Sutton® assuming the length of the nitrogen-oxy-
gen bond to be 1.3 A.; the ¢ moment for this bond
was calculated from the experimental moment of
trimethylamine oxide and thercfore ulso contains a
correction factor.

TapLe I
T a- Exptl.
Compound Montent  Momeut Total momeunt
1 Pyridine 1.23 0.R5 2.08 2.21
2 Pyridine-1-oxide
(Bxo, 0.38) 6.47 1.30¢ 5.44 4.28
3 Pyridine-1-oxide
(Bxo, 1.08) 1.77  1.30¢ 3.47 4.98
4 Pyridine-1-oxide
(Byo, 1.38) 2.10 1.307 .80 4.28

e This mmonient is i11 opposition to the r-1oment.

Fromn Table I it may be estimated that when the
resonance integral Gno is equal to 0.83, there would
be agreement between the calculated and experi-
mental moments of pyridine-1-oxide,

The aromatic substitution reactions are of great-
est interest for these two miolecules, and since
these are usually rate controlled processes, calcula-
tion of the energies of activation would be the ideal
way of comparing reactivities. The atom localiza-
tion energies!® which may be readily calculated are
believed to differ fromn the true activation encrgies
by a factor which is essentially constant for a given
type of substitution reaction. The atom localiza-
tion energy may be desecribed as the ainount of en-
ergy required to bring the aromatic molecule into
the transition state while still keeping it nsulated
from any interactions with the approaching reagent.
Thus either two, ote or zero electrons are localized
at a given position depending on whether the rea-
gent is electrophilic, a radical or nucleophilic. In
Table 11 are histed the values in terins of — g3 for the
aton localization energies at the three positions for
cach molecule.

The atoin localization energies of benzene, A, =
Ar = Ay = 2.54, aud naphthalene, 4. = 4, = 4,
= 2.30, can scrve as reference points for the values
in the table. It is also noteworthy that for the
radical reactions of pyridine a difference in the value
of 4, of 0.033 between two posttions is equivalent to
a factor of two in the rates (at 91°).°

The necarly perfect correlation between experi-
wmental reactivities and localization energies for at-
tack of phenyl radicals on the pyridine nucleus has
already been mentioned. Unfortunately the radi-
cal reactious of pyridine-1-oxide have not been suf-
ficiently studied to furnish data for comparison with

(9) I.. K. Orgel, T. L. Cottrell, W. Dick and L. E. Sutton, Trans.
Faraday Soc., 47, 113 (1951).

(10) The atom localization energy is essentially the same as AW
which was calculated by Wheland and considered to be a part of the
activation energy; see G. W. Wheland, THiS JournaL, 64, 901
(1942).
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Tapre 11
AToM LoCcAL1ZATION ENERGIES
Position dN0 A e An

Dyridine

2 2.62 2.51 2,40
3 257 2.54 2.51
4 R 2.53 2.36
Pyridine-1-oxide
2 U.5 2,51 247 242
3 ) 258 2.04 2.50
-+ ) 260 .50 2.39
2 1.0 222 2.38 2,54
3 1.0 2000 2,53 2.49
4 1.0 0034 2.44 2.54
2 1.5 1.02 2.28 2.58
3 1.5 2,60 2.56 2.52
4 1.5 2.06 2.42 2.75

the caleulations. Table II predicts that for all
values of Bxo the order of reactivity should be 2 >
4> 3, the saine as for pyridine, with the magnitude
of the differences between the positions somewhat
greater than for pyridine. These predictions are
represented graphically in Fig. 2. In these as well
as the other reactions of pyridine-1-oxide, the atom
localization energies would be expected to predict
a greater reactivity for the 2-position than that ob-
served because the calculations take no account of
the steric effect of the oxygen atom of the adjacent
nitrogen aton.
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Tig. 2.—Radical substitutions of pyridiue-l-oxide (the
points at 8no = 0 are for pyridiue and the dotted connect-
ing line has been drawn ouly to illustrate the relationship
between tle two substances).

Pyridine is attacked by a variety of nucleophilic
reagents, but it is not clear in all of these whether or
not the reaction is a true nucleophilic substitution.
For exainple the reaction of an alkyl- or aryllithiuin
probably proceeds by preliminary addition to the
1,2-bond to give an intermediate dihydropyridine
which in a subsequent step eliminates lithium hy-
dride to yield the final product.!! The replacement
by a base of the halogen atom of a halopyridine is
almost certainly a nucleophilic substitution and the
data for these reactions are in substantial agreement
with the predictions of the Table II. The 3-halo-
pyridines are about as unreactive as the haloben-
zettes and the 2- and 4-halopyridines are much

(11) K. Ziegler and H. Zeiser, Ber., 63, 1847 (1930).
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more reactive. The order of reactivity is predicted
to be 4 > 2> 3 with the difference between the 2-
and 4-positions rather small. When 2,4,6-tribro-
mopyridine is treated with sodium methoxide, the
4-bromine atom is replaced first;!* however, 2,4-
dichloropyridine reacts with ammonia to yield a
mixture of the two aminochloropyridines.!?

Figure 3 shows that the order of reactivity pre-
dicted for pyridine-1-oxide depends on the value for
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I

Atom localization energies (-8).
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0.5 1.0 1.5
BNo.
Fig. 3.—Nucleophilic substitutions of pyridine-1-oxide.

Bno with four different orders being possibilities.
From the rather meager evidence!*—1 1t would be
presunied that nucleophilic reactions of pyridine-1-
oxide proceed about as readily as those of pyridine
and that the order of reactivity is probably either
2> 4> 3o0r4> 2> 3. Thelatter of these agrees
with Fig. 3 provided that the value of 8xo is less
than 0.8258.

The electrophilic substitutions offer a special
difficulty because these are almost always con-
ducted 1n an acid solution in which the pyridine
base is in equilibrium with its salt. Thus the reac-
tivity of the salt and its concentration under the
experimental conditions must be considered. The
formation of a pyridine salt confers a positive charge
on the nitrogen atom and thus makes it more elec-
tronegative. This tnay be taken into account in the
calculations merely by increasing the coulomb inte-
gral of the nitrogen atom. As an illustration, the
atom localization energies have been calculated in-
creasing the coulomb integral of the nitrogen atomn
by 0.58. Using similar reasoning, the change in
the charge on the oxygen atom of pyridine-1-oxide
may be accounted for by increasing the coulomb in-
tegral of the oxygen atom (also by 0.53)."7

Tables IT and III predict that for either pyridine
or its salt the 3-position is most reactive toward
electrophilic substitution. Salt formation should
decrease the reactivity at this position slightly while
at the 2- and 4-positions the effect is much greater;
thus a salt would be expected to yield almost ex-
clusively the 3-isomer. The rather drastic experi-

(12) H. J. Den Hertog, Rec. trav. chim., 67, 381 (1948).

(13) H. J. Den Hertog, J. C. M. Schogt, J. de Bruyn and A. de
Klerk, ibid., 69, 673 (1950).

(14) E. Ochia, J. Org. Chem., 18, 534 (1935).

(15) E. Shaw, J. Bernstein, K. Losee and W, A. Lott, THIS JoURNAL,
72, 4362 (1950).

(18) M. Colonna and S. Fatutta, Gazz. chim. ital., 83, 622 (1953).

(17) These changes in the coulomb integrals were arbitrary choices

made only to show the direction in which the reactivities would change
with salt formation.
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mental conditions necessary for such reactions as
sulfonation, nitration and bromination of pyridine
are more nearly in accord with reactivities predicted
for a pyridine salt; pyridine base has a localization
energy at the 3-position only 0.038 unit greater
than benzene.

TABLE 111
Ar1oM LOCALIZATION ENERGIES OF SALTS
Position ANo A, Ac A,
Pyridine
2 2.85 2.53 2.21
3 2.62 2.55 2.48
4 2.84 2.55 2.25
Pyridine-1-oxide
2 0.5 2.70 2.56 2.39
3 .5 2.58 2.54 2.50
4 .5 2.67 2.51 2.36

The prediction of Table III, that nucleophilic
attack should be facilitated by salt forination, has
been observed experimentally; aniline reacts with
2-chloropyridine miore rapidly in an acid than an
alkaline medium.!®

The most useful reaction of pyridine-1-oxide, its
nitration at the 4-position, can be effected much
more readily than with pyridine although the reac-
tion is still more difficult than the nitration of ben-
zene.'® This result agrees with the calculated re-
activities only if it is the free base which is being
nitrated and if the value of Bno is above 0.533.%0
For all of the values of 8no (Fig. 4) the reactivity

g
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Fig. 4. —Electrophilie substitutions of pyridine-1-oxide.
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of the 2-position is predicted to be somewhat
greater than the 4-position, but as already men-
tioned, these calculations do not take into account
the steric factor decreasing the actual reactivity at
the 2-position.

The sulfonation of pyridine-1-oxide, in contrast to
the nitration, is about as difficult as that of pyridine

(18) C. K. Banks, TH1S JoURNAL, 66, 1127 (1944).

(19) Pyridine-1.oxide is nitrated by concentrated nitric and sulfuric
acids at 130° (3.5 hours) while benzene reacts with the same reagents
at 50°; see ref. 14.

(20) 1f BNo is above 0.68, the predicted reactivity of pyridine-1-
oxide at this position would be greater than benzene (4, = 2.54), The
actual concentration of pyridine-1-oxide base in the nitrating solution
may be very low and a valid experimental comparison could be made
only with a solution containing an equally low concentration of ben-
zene,
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and takes place at the 3-position.?! The result
agrces with Table IIT if it assumed that under the
reaction conditions (fuming sulfuric acid), pyridine-
1-oxide is present only in the salt forin.

From the correlations with reactivity it can be
concluded that the value of Byno for pyridine-1-
oxide is between 0.538 and 0 8253 and the dipole
moment calculations suggest a value nearer the
higher of the two. By graphical nieans the charge
distribution and atom localization energies niay be
determiined for pyridine-1-oxide at 8no = 0.758,
which is probably fairly near the true value.
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8yo = 0.754

Calculations.—The LCAO procedure described
by Coulson?? was einployed.

Pyridine.—The inductive effect of the nitrogen
atom was taken into account by using for carbons
2 and 6, ag,, = ac + 0.053; the other parameters
were ay = ac + 0.58 and Bey = 8. For the py-
ridinium ion the following substitutions were made,
ay = a¢ + 1.08 and ag,, = ac + 0.18. The

(21) H. 8. Mosher and F. J. Welch, Tu1s JourNat, 77, 2902 (1955).

(22) Reference 4, pp. 238-258.
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TABLE IV
Atom LocarizarioN ENERGIES OF PYRIDINE-1-OXIDE
(Bro = 0.758)
Position Ao A An
2 2.36 2.42 2.48
3 2.58 2.53 2.50
4 2.44 2.47 2.46

energy levels for the molecular orbitals and the co-
eflicients were determined by solution of the secular
equations. The atom localization energies result
by subtraction of the total energy of the r-electrons
of pyridine from the w-electron energy of the “lo-
calized states.” As an example, the localized state
for electrophilic substitution at the 3-position is
shown. For localization at each position a different
set of sceular equations was solved.

H

i
N

Pyridine-1-oxide.—The
followed as for pyridine. The parameters were:
ao = ac + 1.08, an = ac + 0.68 (0.6 instead of
0.5 beciiuse of the inductive effect of the oxygen
atom), ac,, = ac -+ 0.068, Bcn = B, Bno = 0.5,
1.0 and 1.5. For the salt, ap = ac + 1.58, an =
ac + 0.658; aces = ac + 0.0658, Bno = 0.56.

NEw BrRunswick, N. J.

same procedure was
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Acridizinium Ion Chemistry.

III.* Reaction with Bases

Ty C. K. Brapsiier AND JaMES H. JoNEs?
RECEIVED OCTOBER 2, 1958

It has been demoustrated that phenylmagnesinm bromide attacks acridizinium bromide at position 6 yielding a dihydro

derivative (V) which can be dehydrogenated to a 6-pheinylacridizinium sait. L5ic
mides as well as the parent compound react with potassinin cyanide phenylacetonitrile, acetone and acetophenone.

suggested that in tliese cases reaction occurs at position 6.

Since the first synthesis of acridizinium salts
(I),® papers have appearced concerning the photo-

X, h,_on
3P N N
LA | = X
1
v
I, X = Br
II, X = OCIIy(NOy)s
111, X = OH

dinlerization® of the system as well as its participa-
tion as the diene component in the Diels-Alder re-
action.! To date it appcears that no study has
been made of the action of bases on the acridizin-
ium ion or on the siiiple prototype of the series,

(1) Yor the previous comrmunication of this series see THi1S JOUR-
NAL, 80, 933 (1958).

(2) Taken in part from a thesis submitted by James H, Jones in
partial fulfillment of the requirements for the Ph.D. degree, Duke
University, 1958.

(3) C. K. Bradsher and L. E. Beavers, Tu1s JourNar, 77, 4812
(1955).

(4) (a) C. K. Bradsher,1.. E. Beaversand J. H. Jones, J. Org. Chem.,
22, 1740 (19571

I basic media substituted acridizinium bro-
It is

the quinolizinium ion.** Excellent inodels for such
an investigation are provided by earlier work®—%
with pyridinium, quinolinium and isoquinolinium
salts.

An aqueous solution of acridizinium bromide (I)

(4) (b) Annep IN Proor.—In a recent article (J. Chem. Soc., 3067
(1958)) A. Richards and T. S. Stevens have studied the behavior of
bases on both quinolizium and acridizinium salts. 1t is interesting
that under the conditions which they used they were unable to effect
the condensation of acridizinium sualts with ‘‘reactive methylene com-
pounds” in the presence of bases.

(5) J. G. Aston, THuis JourNat., 53, 5254 (1930); 53, 1448 (1931).

(6) A. Hantzsch and M. Kalb, Ber.. 32, 3100 (1899).

(7) J. G. Aston and P. A. Lasselle, TH1S JourNAaL, 56, 425 (1934).

{8) J. G. Aston and C. W, Montgomery, ibid., 83, 4298 (1031).

{9) J. Meisenheimer and M. Schultze, Ber., 66B, 1353 (1923).

{10) J. Meisenheimer and 12. Stotz and K. Bauer, :bid., 58B, 2320
(1925).

(11) W. Bradley and S. Jefirie, J. Chem. Soc.. 2770 (1954).

(12) A. Kaufmann, Ber., 51, 116 (1018),

{(13) N. J. Leonard and G. W. Leubner, THis JourNal, T1, 3405
(1049).

(14) N. J. l.eonard and G. W. Leubner, b7J., T1, 3408 (1419).

(15) N.J. Leonard, H. A. Dewalt, jr.,and G. W. L.eubner. #62./., 73,
3325 (1951).

(16) N.J. Leonard and R. L. Foster. fbid., T4, 3671 (1952).

(17) N. J. Leonard and R. [.. Foster. tbid., T4, 2110 (1Y52),



