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and had a density of 0.81 g./ml. at 22°. Calculating for lithium
isobutoxide content, we obtained a solubility value of 1.3 wt.
%, at 22°,

Lithium n-butoxide, unlike the isobutoxide, did not crystallize
from its n-butyl aleohol solution on cooling to room temperature.
Its solubility in n-butyl alecohol was subsequently found to be
greater than 5 moles/l. Lithium methoxide, ethoxide, and n-
propoxide were also found to be quite soluble in their respective
alcohols at room temperature.

C. Solubility of Lithium n-Butoxide in n-Heptane Solutions
Containing n-Butyllithium.—The following experimental scheme
was employed. About 100 to 200 ml. of a certain required
molarity of n-butyllithium solution in pure grade n-heptane was
accurately measured out and transferred to a three-necked,
round-bottom, argon-swept flask equipped with a mechanical
stirrer, reflux condenser (argon inlet tube at top), and a 10-ml.
buret fitted (at its lower end) with a rubber stopper and its
upper end with an argon-inlet tube. The required amount of
Fisher certified reagent n-butyl alcohol needed to convert half
the n-butyllithium to lithium n-butoxide was then added slowly
to the stirred, cooled n-butyllithium solution. The mixture
was allowed to stir for about a 0.5-hr. period and was then allowed
to stand overnight. Precipitation was complete by this time.
A sufficiently large sample (about 35 ml.) of the clear solution
was then filtered off into a graduated dropping funnel, through
8 sintered-glass filter tube (Ace Glass Co., E porosity), to obtain
analyses for n-butyllithium? and total base concentrations.
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The remainder of the mixture in the flask was then transferred
to a graduated dropping funnel under argon to determine the
total volume of salts and solution. Initial n-butyllithium con-
centrations were 2.54, 1.05, 0.78, 0.51, and 0.38 M. In all
cases addition of one-half of the equivalent amount of #-butanol
resulted in the formation of a precipitate.

The following amounts of reagents were employed in each of
five determinations: (1) 87.5 ml. of 2.90 M n-butyllithium solu-
tion diluted to 100 ml. with n-heptane and 11.60 ml. (9.4 g.,
0.127 mole) of n-butyl aleohol (initial n-Buli concentration =
2.54 M); (2) 100 ml. of 1.05 M n-butyllithium solution in pure
n-heptane and 4.80 ml. (3.89 g., 0.0525 mole) of n-butyl alcohol,
(initial n-BuLi concentration = 1.03 M); (3) 26.8 ml. of 2.90
M n-butyllithium solution diluted to 100 ml. with n-heptane,
and 3.65 ml. (2.96 g. 0.04 mole) of n-butyl alcohol (initial n-
Buli concentration = 0.78 M); (4) 17.5 ml. of 2.90 M n-
butyllithium solution diluted to 100 ml. with n-heptane, and 2.32
ml. (1.88 g., 0.025 mole) of n-butyl alcohol (initial n-BuLi
concentration = 0.51 M); (5) 13.0 ml. of 2.90 M n-butyllithium
solution diluted to 100 ml. with n-heptane, and 1.73 ml. (1.4 g.,
0.019 mole) of n-butyl alcohol (initial n-butyllithium concentra-
tion = 0.38 M).

In addition to the above, one run was made in which an equiva-
lent amount of n-butyl alcohol was added to an n-butyllithium
solution. n-Butyl alcohol (8.12 ml., 6.59 g., 0.089 mole) was
added to 30.6 ml. of n-butyllithium in n-heptane diluted to 100
ml. with pure n-heptane.
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The pK4 values at 25° of 12 4-substituted 2-nitroanilines in perchloric acid have been measured and quan-

titatively related to Hammett o values.
with Jaffé’s assumption for a constant ortho effect.

The value of the reaction constant for the series does not conform
The variation is discussed. The electronic spectral data
correlate with ¢ and a fair correlation was obtained between »s and »a.
wave potentials for the series at the dropping mercury electrode have been obtained.

The polarographic reduction half-
It appears that no pe

relationship exists. The attempted polarographic oxidation of the series using a rotating platinum electrode

was unsuccessful.
of the series.
individually correlate with o.

The N-H fundamental frequencies and intensities have been determined for 10 members
The asymmetric frequencies, symmetric frequencies, band intensities, and half-band widths
The Hiickel molecular orbital treatment is applied to four members of the series

and linear relationships exist between r-electron densities and o and between 8 coefficients and .

The Hammett equation has been successfully em-
ployed in deriving quantitative relationships between
structure and chemical reactivity.?> Also, certain
physical properties, e.g., half-wave potentials from
polarographic reactions,®® electronic spectral excita-
tions,4—8 infrared absorption frequencies,® and electron
densities calculated by molecular orbital theory,3d
have been correlated with Hammett substituent con-
stants.

Essentially, this article is a study of the applicability
of the Hammett equation to acidity, electronic spectral
excitations, polarographic reduction potentials, in-
frared N-H absorption frequencies and band intensi-
ties, and electron densities calculated by HMO theory of
a series of 4-substituted 2-nitroanilines.

The 4-substituted 2-nitroanilines provide an excellent
series for such a study. The nitro group ensures that

(1) Abstracted in part from the Ph.D. Dissertation of J. O. 8., Texas
A & M University, Aug. 1964.

(2) To whom inquiries should be sent.

(3) H. H. Jaffé, Chem. Rev., 58 (1953): (a) Tables 1 and 2, pp. 198 ff;
(b) Table 3A, p. 214; (c) Table 3B, p. 214; (d) p. 227; (e) p. 253; (f) p.
222; (g) pp. 246-248; (h) Table 1, reaction no. 26a, p. 200.

(4) L. A. Jones and C. K. Hancock, J. Org. Chem., 26, 226 (1960).

(5) L. E. Scoggins and C. K. Hancock, ibid., 26, 3490 (1961).

(8) M. Rapoport, C. K. Hancock, and E. A. Meyers, J. Am. Chem. Soc.,
83, 3489 (1961).

the electronic spectrum of importance to this study will
appear in the easily accessible visible or near-ultra-
violet region. The presence of the nitro group ortho
to the amino group is advantageous in that it chelates
with the amino group, thereby preventing molecular
association, and it is sufficiently removed from the 4-
substituent that no steric interaction can take place.
Furthermore, the presence of the nitro group is con-
venient for the determination of polarographic half-
wave reduction potentials. Finally, the amino group
provides for a suitable study of the substituent effect on
N-H stretching frequencies.

Results and Discussion

The Correlation of the Acidity and Electronic Spectra
of 4-Substituted 2-Nitroanilines with Substituent Con-
stants.—It has been previously shown for 2,4-dinitro-
phenylhydrazones*® that differences (Av) between
wave numbers of visible spectra of neutral and alkaline
solutions are quantitatively related to Hammett™
and Taft® substituent constants. More recently, it has

(7) L. P. Hammett, “Physical Organic Chemistry,” MecGraw-Hill Book
Co., Inc., New York, N. Y., 1940: (a) Chapter 7; (b) p. 267.

(8) R. W. Taft, Jr., in “Steric Effects in Organic Chemistry,” M. S. New-
man, Ed., John Wiley and Sons, Inc., New York, N. Y., 1956, p. 619.
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TasLe I
AcIDITY AND SPECTRAL DATA FOR 4-SUBSTITUTED 2-NITROANILINES IN PERCHLORIC ACID
4-Sub- vB® ep% val ea? Avh

Compd.  stituent pEA® Abg X 1074 X 10-3 ra® X 107t X 10-3 X 10-4 o optd
2 OCH, +0.74 (40.78) 450 2.22 4.45 276 3.62 5.10 —1.40 —0.320
3 OCH;, +0.77 (40.73) 449 2.23 4.66 274 3.65 5.11 —1.42 —0.268 —0.778
4 CH; +0.43 (+0.39) 429 2.33 4,18 272 3.68 6.73 —1.35 —0.170 —-0.311
5 H —0.29% (—0.29) 415 2.41 4.42 256 3.91 7.07 -1.50 0.000 0.000
[4] F —0.44 (—0.34) 425 2.35 4.78 261 3.83 6.70 —1.48 0.062 —0.073
7 CeHs —0.76 (—0.88) 437 2.29 3.96 255 3.92 22.4 —1.63 0.009 —-0.179
8 Cl —1.03:(—1.03) 423 2.36 4.59 263 3.80 6.49 —1.46 0.227 0.114
9 Br —1.05(—1.10) 427 2.34 4.38 267 3.74 5.82 —1.40 0.232 0.150
10 CK, —2.25(—2.31) 398 2.51 5.34 255 3.92 6.59 —-1.41 0.551 0.612
11 CO.CH; —2.61(—~2.57) 409 2.44 4.55 261 3.83 7.19 —-1.39 0.636
13 COCH, —2.85 399 2.51 2.79 230 4.35 12.3 —1.84 0.874
14 NO:. —4.33™ 345m 2.90 14.3 234m 4.27 17.6 —-1.37 1.27

@ The pK values in parentheses were determined in hydrochloric acid solution. All pKa values include a correction for the activity
of the anion. A minimum of four determinations was made for each pKa; average deviation from the mean was £0.025. °® A (mu) =
ANOE o p (em."Y) = (1/Ap X 107). 4 es = extinction coefficient in alkaline solution. ¢Aa (mp) = Moo /4, (em.”) = (1/
M X 107, 7 ea = extinction coefficient in acid solution. * Av (cm.™1) = (yg — »4). ¢ Except as noted, all ¢ values are from Jaffé.3
i Ref. 16, * Ref. 81, pKa = —0.29 (apparent). *Ref. 31, pK4y = —1.03. ™ T. G. Bonner and J. C. Lockhart [J. Chem. Soc., 2840
(1957)) report pKa = —4.36, Az = 348 my, and Ay = 235 mu. Ref. 31, pKa = —4.55.

been observed that certain aspects of the electronic  tion of charges but there is a delocalization of negative
spectra of 4-substituted 2-nitrophenols,® 5-substituted  charge.

2-nitrophenols,® and 4-substituted 2-chlorophenols, It can be seen from Table I that a bathochromic
conform to a op treatment. These observations sup-  shift in basic solution occurs for III — IV. One
port the theory that substituents which affect chemi-  might expect stronger hydrogen bonding in IIT than in
cal reactivity similarly affect the electronic spectra. IV since there is a statistical factor of #/; involved and
Furthermore, this property, normally considered as  the N-hydrogens in III are more acidic. Further, there
physical, behaves as though it has some of the char-  is no resonance involving the H;N* group in III, but
acteristics of a chemical reaction. there is resonance stabilization of IV involving separa-
In view of the successful spectra—structure correla-  tion of charges.
tions obtained by these workers, and especially those of Therefore, since I and IIT are comparable as well as

Rapoport,? it seemed desirable to expand the scope of  II and IV, then the wave number shifts for I — II
the study. One purpose of this article is to observe  and III — IV should be in the same direction but of
and comment upon the results produced by changing  different magnitudes. Experimental results show that
the series from 4-substituted 2-nitrophenols to 4-  the wave number shifts for III — IV are at least three
substituted 2-nitroanilines, while maintaining all other  times those for I — II. Furthermore, the spectral
conditions as similar as possible to those of Rapoport.  shifts for 4-substituted 2-chlorophenols®® are approx-
Accordingly, the pK, values in perchloric acid and  imately the same as for I — II. Thus, it is indicated
absorption spectra of a series of 4-substituted 2-nitro-  that intramolecular hydrogen bonding is important in
anilines have been measured. The experimental data IIT — IV since it exists for all three series in acidic
are shown in Table I. All absorption bands recorded  medium, but only for IV in basic medium.
are the maxima and the pK values reported are for the An excellent correlationse!l® has been obtained be-
conjugate acids of the substituted anilines. The  tween the pK, values and Hammett's o for III as
pK 4 values in parentheses in Table I were determined  illustrated in eq. 1 and Figure 1. Ineq. 1, —0.304 is
in hydrochloric acid solution.

Rapoport® observed a bathochromic shift in basic
media for I — II. For I, which exists in acidic media,

pKs = —0.304 — 32805, 7 = —0.992, s = 021 (1)
(100.0)

the regression pK, value for 2-nitroaniline, —3.23 is p,

OH 0o~ *NH, NI, the Hammett reaction constant,’® o, is the Hammett
NO, NO, NO, N, substituent constant,® r is the correlation coefficient,
- and s is the standard deviation from regression. In

eq. 1-12, the number in parentheses below the coef-

A R R R ficient of the independent'variable is the percentage con-
. 1 - - fidence level as determined by Student’s t test.lib

The negative value for p indicates that an electron-
withdrawing substituent should increase the acidity of
the respective anilinium ion.

One might expect, according to the additivity prin-
ciple,®® that, if a fixed substituent Y is introduced ortho
to the NH, group, as in V, the Hammett relationship
would still be followed if the interaction between the

© C. K. Hancock snd A. D. H. Clague, J. Am. Chem. Soc., 86, 4042 NH2 group and Y remains essentially constant as R is
(1964).

(10) H. N. Simpson, C. K. Hancock, and E. A, Meyers, J. Org. Chem., 80, (11) G. W. Snedecor, ‘‘Statistical Methods,”” 5th Ed., The Iowa State
2678 (1965). College Press, Ames, Iowsa, 1956: (a) Chapter 6; (b) pp. 46, 418, 441,

there is intramolecular hydrogen bonding and reso-
nance stabilization involving a separation of charges.
On the other hand, in II, there is stronger resonance
stabilization of the molecule. Furthermore, there is
neither intramolecular hydrogen bonding nor separa-



3506
1.0 v r r T
-lof
9‘-
Q
x
a0
-5.0 . . . .
-08 -0.2 02 06 10 1.4

[of,
e
Figure 1.—The relationship between pKa values in HCIO,

and o, for 4-substituted 2-pitroanilines. Numbers refer to
compounds listed in' Table I.
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Figure 2.—The relationship between »g and »a in HCIO, for

4-substituted 2-nitroanilines. Numbers refer to compounds
listed in Table I.

varied. That is, the reaction constants for V and VI
should be the same under identical conditions with
the effect of the constant ortho Y group being reflected
in the pKj of VII compared to the pK, of VIII. The

NHQ NHZ NH2 NHz
"o O 0
R
v VI VI

VIII

validity of this principle has been demonstrated for
and for 4-substituted 2-chlorophenols. However,
I¢ slight variations in p were observed in the effect of a
2-methyl substituent on the ionization constants of 4~
and 5-substituted benzoic acids!? and the dissociation
constants of 4-substituted 2,6-di-t-butylphenols.** In
the present study of the pKa values of III, the p
value of —8.23 deviates from this principle, being sig-
nificantly more negative than the p value of —2.77%
(—2.89') for meta- and para-substituted anilines.
This indicates that the electronic characteristics of the
substituent are transmitted more effectively to the
reaction site in III. Perhaps, some variation in p
may occur when the solvation of the reaction site is im-

(12) J. D. Roberts and J. A. Yancey, J. Am. Chem. Soc., T8, 1011 (1951),

(13) L. A. Cohen and W. M. Jones, ibid., 85, 3397 (1063).
(14) A. 1. Biggs and R. A. Robinson, J. Chem. Soc., 388 (1961).
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plicated in the degree of ionization and the require-
ments for solvation of the reaction site may vary with
the nature of R. Furthermore, it can be predicted
that some variation in p should occur whenever there
exists a significant interaction between the ortho
substituent and the reaction site. Such interaction may
be of two types, viz., strong intramolecular hydrogen-
bonding and solvation effects.

That the value of p for the ionization of IIT should
exhibit a deviation due to the first type of interaction
can be demonstrated as follows. A substituent can
affect the reaction site by a combination of polar, reso-
nance, steric, and intramolecular hydrogen-bonding
effects. In a series of 4-substituted 3-nitroanilines,
the nitro group can affect the reaction site only by
inductive effects. That this effect is constant through-
out the series is verified by the fact that the p value for
the regression of pKs om o for six 4-substituted 3-
nitroanilines®® is —2.83. This is in good agreement
with the p value of —2.77 for VI. In a series of 5-
substituted 4-nitroanilines, the nitro group can affect
the reaction site by a combination of polar and reso-
nance effects. If these effects are constant throughout
the series, then the p value should be ca. —2.77 as for
VI. Unfortunately, the pK 4 values are not available for
5-substituted 4-nitroanilines. However, if the p value
were about —2.77, this would indicate that the polar
and resonance effects of the III are constant. Hence,
the variable effect of the nitro group on the reaction
site for IV would be due to either steric or intramo-
lecular hydrogen-bonding effects or a combination of
these.

The p value for the ionization of III shows a 179,
deviation from that for the conjugate acid of VL
This is not an exceptionally large deviation when com-
pared to the 579, deviation in water and 739, devia-
tion in aqueous ethanol obtained for the ionization
of 4-substituted 2,6-di-t-butylphenols® relative to 4-
substituted phenols. However, the small deviation
for I1I merits some explanation. Cohen and Jones!
suggest that ionization and solvation at the hindered
site are interrelated. In the case of III, the charge
cannot be dispersed because there is no resonance in-
volving the HN* group. However, in IV, if the lone
pair of electrons is delocalized between the amino group
and a strong para electron sink, the ease of ionization
should be greatly increased. Hence, in this case, the
size of the polar solvent sphere seems to be important
in that it can aid the ionization. If sufficient data
were available, it might be possible to add a substituent-
dependent solvation term to the Hammett equation.

Thus, in the ionization equilibria between anilinium
ions and aniline, the effect of the ionic solvating power
of the solvent is particularly important and it seems
reasonable that p for the stabilization of IV by solvent
molecules could be different from that for VI.

In an attempt to compensate for this variation in p,
the pK, values were correlated with o,%,'% on, and
cross products of each of these independently with .
No significance could be attached to any of the cross
products. Furthermore, no contribution was made
that was more significant than the original eq. 1.

(15) A. R. Lawrence and L. N. Ferguson, J. Org. Chem., 28, 1220 (1960),
(18) H, C. Brown and Y. O. Okamoto, J. Am. Chem. Soc., 80, 4980
(1958).
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For III, there is no correlation (r = 0.196) between
pKas and Ay (the basic wave number shift, <.e., vg —
va). The reasons for this poor relationship are prob-
ably the same as those discussed previously for 4-
substituted 2-nitrophenols.®

The fair correlation between p»g and »s, the wave
numbers of IV and III, is shown in eq. 2 and Figure 2.

vp = —306 4 0.627vy, r = 0.790, s = 1162 (2)
(99.8)

Apparently, the substituents play similar roles in ful-
filling the electron-demand requirements of both the
v and va series. Hence, each series may be treated
independently with respect to substituent effects as
shown in eq. 3 and 4 and Figures 3 and 4. In the case

vp = 23,200 + 33900, r = 0911, s = 780 (3)
(100.0)

va = 37,700 + 3990¢,, r = 0.853, s = 1240 (4)
(100.0)

of I, an excellent correlation was obtained between
opT and vy or »g. The use of o, T in the case of 4-
substituted 2-chlorophenols®® gave no improvement.
Likewise, no significant improvement was obtfained in
the case of IV.

No significant relationship was found between Ay
and o, 0r a5 .

Substantiating the conclusions of previous studiesin
this area,®%1 correlation of primary absorption bands of
IV with structure by eq. 3 and 4 is only fair,

Investigation of the Polarographic Reduction and
Oxidation of 4-Substituted 2-Nitroanilines.—Previous
studies—1? indicate that aromatic -electron-with-
drawing substituents favor reduction at the dropping
mercury electrode (d.m.e.). The reduction of aro-
matic nitro compounds at the d.m.e. has been postu-~
lated® to go to completion with the formation of the
amine. This would involve six electrons and should
give a single wave. In view of the preceding, it seemed
desirable to investigate the behavior of IV at the
d.m.e. since the nitro group in IV is strongly electron-
withdrawing and its reducibility at the d.m.e. should be
affected by the nature of the 4-substituent.

The polarographic reduction half-wave potentials for
13 compounds of type IV were determined in 759,
aqueous ethanol with KNO; as supporting electro-
lyte and are listed in Table II. The correlation coef-
ficient between E:/, and ¢, of 0.606 shows that only
37% of the variation in E./, is accounted for by the
regression equation; consequently, little can be said as
to the polar effect of a particular substituent on the
half-wave potential. This poor correlation may be
partially due to changes in the reaction mechanism,
the number of electrons transferred, or the value of the
transfer coefficient. Presently, studies are being made?*
of the dependence of Ei/, on pH in order to ascertain if
the first two changes are important.

The polarographic oxidation of IV was investigated
at the rotating platinum electrode in acetonitrile and in

(17) M., Shikata, Trans. Faraday Soc., 31, 42 (1925).

(18) M, Shikata and I. Tachi, J. Chem. Soc. Japan, 58, 834 (1932).

(19) R. W. Brockman and D. E. Pearson, J. Am. Chem. Soc., T4, 4128
(1952).

(20) I. M. Kolthoff and J. J. Lingane, ‘‘Polarography,’” Vol. II, 2nd Ed.,
Interscience Publishers, Inc., New York, N. Y., 1952, p, 748.

(21) P. Y. Rodriguez, M.8, research in progress, Texas A & M University.
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Figure 3.—The relationship between vz and o, for 4-substi-
tuted 2-nitroanilines. Numbers refer to compounds listed in
Table 1.
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Figure 4—The relationship between »4 in HCIO; and o, for

4-gubstituted 2-nitroanilines. Numbers refer to compounds
listed in Table I.

methanol-sodium acetate-hydrochloric acid buffer solu-
tions.22  All attempts to obtain oxidation waves failed.
Recently,?® it has been shown that mefa- and para-
substituted anilines have oxidation half-wave po-
tentials in the region -+0.80 to +0.72 v. The nitro
group in IV probably diminishes the ease of oxidation
of the amino group. This is reasonable since a solu-
tion of aniline will decolorize upon standing while a
solution of ¢-nitroaniline is stable over a long period of
time.

TasLe IT

PoLarRoGRAPHIC REDUCTION POTENTIALS OF
4-SUBSTITUTED 2-NITROANILINES

4-Bubstituent om® Hys, v. (v8. 8.0.0.)°
NH. ~0.161 —0.81
CH, —0.069 —-0.84
H 0.000 —-0.93
OCH; 0.115 -0.79
CeH; 0.218 —0.84
COCH, 0.306 -0.84
COOCH; 0.315 —0.82
F 0.337 -0.76
Cl 0.373 -0.74
CHO 0.382 -0.81
Br 0.391 —0.74
CF; 0.415 —0.84
NO. 0.710 -0.71
@ All o, values are from ref. 3f. ? Value quoted is the average

of three determinations. In each case, the average deviation
from the mean value was less than 0.02 v.

(22) G. E, Panketh, J. Appl. Chem., T, 512 (1957).
(23) W. R. Carper, R. M. Hedges, and H. N. Simpson, J. Phys. Chem.,
69, 1707 (1965).
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Figure 5.—The relationship between »vis and op for 4-substi-
tuted 2-nitroanilines. Numbers refer to compounds listed in
Table I11.
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Figure 6.—The relationship between rgy and o, for 4-substi-

tuted 2-nitroanilines. Numbers refer to compounds listed in
Table IV.

Since IV might degrade before the half-wave could be
obtained, the synthesis? of o-nitro-8-phenylhydroxyl-
amine was attempted in order to study its polarographic
oxidation. However, this compound was not isolated
in pure form. The contaminants were probably o-
nitroazobenzene and o-nitroazoxybenzene.

Furthermore, a 0.1 N solution of o-nitroaniline was
titrated potentiometrically with 0.1 ¥ KMnO, No
large change in potential, other than that produced by
the initial addition of KMnO, to o-nitroaniline, could
be detected. Evidently, although KMnO;, is a strong
oxidizing agent, it is not strong enough to oxidize o-
nitroaniline.

Since compounds of structure IV have both oxidiz-
able and reducible groups, they should theoretically
give both oxidation and reduction half-wave potentials.
Even though no Hammett relationship was found for
the polarographic reduction of IV and attempts to
measure polarographic oxidation half-wave potentials of
IV failed, it is still believed that a suitable combina-
tion of electronic spectral data and polarographic
reduction and oxidation half-wave potentials for an
appropriate series of compounds might lead to the-

(24) R. Kuhn, H. Vettwe, and P. Desnuelle, Ber., BT0, 1314 (1937).

ScHRECK, HANCOCK, AND HEDGES

Vor. 30

3405

04t

03}

o2

ol p

3400

VSY s CM.

99

97T

1 L [ 1 1 ] 1
356 17 18 19 20 21 22
|
VAS' cm.

Figure 7.—The relationship between vsy and »ag for 4-substi-
tuted 2-nitroanilines. Numbers refer to compounds listed in
Tables III and IV.
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Figure 8. —The relationship between Iig and op for 4-substi-
tuted 2-nitroanilines. Numbers refer to compounds listed in
Table IIL.

oretically significant conclusions. Electronic spectral
data are already available for 4-substituted® and 5-
substituted® 2-nitrophenols and polarographic reduc-
tion and oxidation studies of these two series are in
progress. 2

Infrared Spectral Studies of 4-Substituted 2-Nitro-
anilines.—The O-H stretching frequencies for sub-
stituted catechols and phenols® and the first and second
overtones of the N-H stretching vibrations of some pri-
mary aromstic amines® have been correlated with o.
Also,? the integrated band areas of the fundamental
stretching mode of the N-H group of anilines and
anilides have been correlated with structural char-
acteristics and polar properties of the N-H group, and
marked differences between compounds of different
classes have been observed. In view of the preceding,
it was decided to study the relationship between o
and the fundamental N-H stretching frequencies or

(25) L. L. Ingrabam, J. Corse, G. F. Bailey, and F. Stitt, J. Am. Chem.
Soc., T4, 2297 (1952).

(26) K. B. Whetsel, W. E. Roberson, and M. W. Krell, Anal. Chem., 80,
1598 (1958).

(27) R. A. Russell and H, W, Thompson, J. Chem. Soc., 483 (1955).
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band intensities of IV, since they occur free from over-
lapping bands.

In dilute solution, primary amines give absorption
bands® near 3500 (asymmetric stretching mode) and
3400 cm.~! (symmetric stretching mode). Both of
these vibrations are subject to small changes with
alteration of the polarity of the solvent or intramo-
lecular hydrogen bonding.

The data in Tables III and IV for the asymmetric and
symmetric frequencies were correlated®®!ls with o,
For each frequency, the deviation from regression for
the p-methoxy compound 3 is nearly twice the stand-
ard deviation. Omitting the data for 3, regression
analyses gives the fairly good relationships shown in
eq. 5 and 6 and Figures 5 and 6.

vas = 3523 — 3.840,, r = —0.809, s = 1.03 (5)
(99.2)
voy = 3403 — 5.950,, r = —0.923, s = 0.92 (6)

(100.0)

(28) L. J. Bellamy, “The Infrared Spectra of Complex Molecules,” John
Wiley and Sons, Inc., New York, N. Y., 1954, Chapter 14.
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substituted 2-pitroanilines. Numbers refer to compounds listed
in Table IV.

TasLz III

INFRARED SPECTRAL DATA FOR 4-SUBSTITUTED
2-NITROANILINES, ASYMMETRIC BAND

4-Sub- Conen,, , Log
stitu- M (Z’_“) Anp, o,
Compd. ent ap® X 102 \ T /»mex em.”!  cm,~? b ud
3 OCH, -—-0.268 5.02 1.73 34.0 3518.3 0.178
4 CH, —0.170 5.04 1.77 30.0 3522.4 0.180
5 H 0.000 5.01 1.79 28.0 3522.0 0.152
6 F 0.062 5.08 1.79 30.0 3522.6 0.160
7 CeH; 0.009 2.56 1.53 24.8 3521.5 0.225
8 Cl 0.227 2.05 1.48 24.0 3522.9 0.262
9 Br 0.232 2.54 1.55 27.2 8521.1 0.252
10 CF; 0.551 3.47 1.81 18.0 3521.8 0.143
11 CO.CH; 0.636 1.00 1.28 18.0 3519.2 0.349
13 COCH; 0.874 2.55 1.72 19.2 3518.0 0.196

¢ All ¢p values are from ref. 3f. >By convention, 1 X 104
mole™! 1. cm. =2 is designated as one intensity unit,

The correlation between the asymmetric and sym-
metric stretching frequencies is shown in eq. 7 and

vay = —804 4 1.19344, r = 0.935, s = 0.870 (D
(100.0)

Figure 7. This good relationship is somewhat ex-
pected since the asymmetric and symmetric stretching
frequencies depend to some extent upon a common
factor, viz., the polar character of the substituent.
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TasLE IV
INFRARED SPECTRAL DATA FOR 4-SUBSTITUTED
2-NITROANILINES, SYMMETRIC BAND
4-Sub- Conen., , Log
stitu- M (—2:") Anyz ¥
Compd, ent op® X 102 \T /ymax cm."t  ¢m,=1 r
3 OCH; -0.268 5.02 1.91 22.2 3398.4 0.128
4 CH, -0.170 5.04 1.92 22,0 3403.0 0.127
5 H 0.000 5.01 1.94 20.0 3402.7 0.117
6 F 0.062 5.08 1,94 20.0 3403.9 0.1186
4 CeH; 0.009 2.56 1.82 18.0 3402.4 0.194
8 Cl 0.227 2.05 1.70 18.8 3402.5 0.236
0 Br 0.232 2.54 1.80 16.8 3402.0 0.181
10 CF 0.551 3.47 1.96 16.0 3400.6 0.137
11 CO.CH, 0.636 1.00 1.54 15.2 3399.4 0.356
13 COCH, 0.874 2.55 1.93 16.0 3396.7 0.184

o Ref. a, Table III. ° Ref. b, Table III,

Only a fair relationship was obtained between pKa
and the asymmetric or symmetric frequencies. This
poor fit is due to the fact that the N-H frequencies are
properties of the bases alone, whereas pKa values are
determined by the substituent effects on both the acid
and base components of the system, and the relative
importance of resonance and polar effects in these will
not necessarily remain constant as the substituent

changes its type.
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In an attempt to supplement the frequency measure-
ments, the intensities of the bands were also obtained.
Quantum mechanically, the intensity of a transition
between two energy states of a molecule is propor-
tional to an integral of form IX and the frequency of the
transition is proportional to an integral of form X,
where ¢’ and ¢’/ are the wave functions for the ground

Jv/(er)ydr Jv'Hy'dr
IX X

and excited states, respectively, and er and H are the
quantum operators. From variation theory considera-
tions, it can be seen that the frequency has essentially
a second-order dependence on y’, whereas, the intensity
has a first-order dependence on ¢’. Thus, one may
expect to see a greater sensitivity of the intensities than
of the frequencies in correlation with o.

Consequently, the equations for the regression of the
intensities of the asymmetric or symmetric frequencies
on ¢ were obtained. However, in both cases the 4-CF,
and 4-COCH; compounds show deviations which
are nearly twice the standard deviation. These were
omitted in the next analyses and the fairly good cor-
relations shown in eq. 8 and 9 and in Figures 8 and 9
were obtained.

Ihs = 0.197 4 02170, r = 0.884, s = 0.035 (8)
(99.6)

Isy = 0.158 + 0.2600y, r = 0.880, s = 0.042 (9)
(99.6)

The good relationship between the intensities of the
asymmetric band and of the symmetric band shown in
eq. 10 and Figure 10 is expected for the reason given
previously for the correlation of eq. 7.

Igy = —0.049 + 1.092I4g, r = 0.956, s = 0.023 (10)
(100.0)

Finally, the fairly good correlation between the ap-
parent half-band widths of the asymmetric or of the
symmetric stretching bands and ¢ are shown in eq. 11
and 12 and Figures 11 and 12.

Avijug = 283 — 13,70y, r
(100.0)

Avi/gy = 19.8 —~ 6,140, r = —0.898, s = 1.18 (12)
(100.0)

The Hiickel Molecular Orbital (HMO) Treatment
of Some 4-Substituted 2-Nitroanilines.—In the HMO
method, Coulomb («) and resonance (8) integrals are
regarded as parameters and overlap integrals are as-
sumed to be zero. Heteroatoms may be treated by
appropriate changes in the empirical a and 8 parameters
associated with each atom and bond., HMO calcula-
tions were performed by Wiberg’s program? as modi-
fied by R. M. H. to provide greater facility in loading
heteroatom matrix elements. Differential overlap was
neglected. Heteroatom matrix elements were treated
as

—=0912, s = 2,41  (11)

ax = g + hxﬂec
Bex = kxBoo
where «, and B,, are the ‘“standard” Coulomb and

resonance integrals of an atom and the bond, respec-
tively, in benzene and oy and 8,z are the Coulomb and

(29) K. B. Wiberg, “Physical Organic Chemistry,” John Wiley and Sons,
Ine., New York, N. Y., 1964, p. 577.
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Figure 16.—The relationship between 8 and op for 4-substi-
tuted 2-nitroanilines. Numbers refer to compounds listed in
Table V.

resonance integrals of an atom adjacent to a hetero-
atom. The heteroatom parameters (h; and k) of
Streitwieser® were used.

The results of the HMO calculations are given in
Table V and show excellent correlations between the 8
coefficients for the highest filled energy level and the =-
electron densities on the amino nitrogen atom (d,)
or the m-electron densities on the nitro nitrogen atom
(d,") as can be seen in Figures 13 and 14,

TaBLE V
HMO CALCULATIONS FOR 4-SUBSTITUTED 2-NITROANILINES

Amino Nitro
nitro-  nitro-
gen »~ gen -

elec~ elec-

tron tron

4-Sub- No. B den~ den-

stitu- of » coef- sity sity

Compd. ent ap® om®  centers ficients  (dn) (dn")
5 H 0.000 0.000 12 0.6833 1.8244 1.3957
6 F 0.062 0.337 14 0.6371 1.8228 1.4010
8 (o)1 0.227 0.373 14 0.6567 1.8235 1.3984
9 Br 0.232 0.391 14 0.6594 1.8236 1.3979
1 NHa2 -—0.660 -—0.161 14 0.4786 1.8070 11,4343

a All op and om values are from ref. 3.

Further, there are linear relationships between the
appropriate 8 coefficients and ¢ as shown in Figures 15
and 16 and between the m-electron densities and ¢«
as shown in Figures 17 and 18. Thus, it appears that
o may be taken as a measure of the over-all electronic

(30) A. Streitwieser, Jr., “Molecular Orbital Theory for Organic Chem-
ists,”” Jobhn Wiley and Sons, Ine., New York, N. Y., 1961, p. 135.
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Figure 17.—~The relationship between d. and oy for 4-substi-
tuted 2-nitroanilines. Numbers refer to compounds listed in
Table V.

description of this molecular series rather than being a
description of localized electronic interactions.

Experimental Section

The 4-substituted 2-nitroanilines which were commercially
unavailable were prepared by methods previously reported in
the literature, as indicated by footnotes to Table VI.

TapLE VI

MELTING PoINTS OF 4-SUBSTITUTED 2-NITROANILINES

4-SBubstituent M.p., °C.% Lit. m.p., °C.
OCH, 122-123 122-123%:¢
OCH, 6566 664
CH;, 114-115 11460
CeHs 164-165 167-169/
CF, 106-107 106-107¢
CO.CH, 196-197.5 196-198%¢
COCH, 149-151 148-1497
CHO 186-187 190-191%
Cl 114-115 118%¢
F 92,5-93 92, 5m
Br 109 110-111»
H 71-72.5 71.50¢
NH. 135.5-137 136-138#.¢
NO. 179-180 1802:¢

o Corrected. ® A. Izmailékii and A. M. Simonov, J. Gen.

Chem. USSR, 10, 1580 (1940). °Obtained commercially.
¢ A. W. Baldwin and R. Robinson, J. Chem. Soc., 1264 (1934).
¢ L. Gindraux, Helv. Chim. Acta, 12, 921 (1929, / E. Berliner,
B. Neuman, and T. M. Riaboff, J. Am. Chem. Soc., 77, 478
(1955). ¢ R. Long and A. L. Morrison, J. Chem. Soc., 3852
(1954). *P. R. Thomas and G. J. Tyler, sbid., 2197 (1957).
 Prepared by esterification of 4-carboxy-2-nitroaniline. 7 C. S.
Gibson and B. Levin, J. Chem. Soc., 2388 (1931). * H, H. Hodg-
son and H. G. Beard, 7bid., 23 (1927). !E. Crepaz, At/ 4st.
veneto sct., 94, 555 (1934), = F. K. Beilstein, “Handbuch der
Organischen Chemie,’’ 4th Ed., J. Springer, Berlin, 1920, 12 1,
p. 355. " Footnotem, 12,p, 737; I,p.358; IL, p.401. ¢ I, Heil-
bron and H. M. Bunbury, “Dictionary of Organic Compounds,’’
Vol. III, Oxford University Press, New York, N. Y., 1953, p.
628. » W. Ruske, Ann., 610, 143 (1957). ¢ Footnote o, p. 362,

Ultraviolet Spectral Studies and Measurement of pKa Values
of 4-Substituted 2-Nitroanilines.—The absorption spectra and
pKa values of 0.0001 M solutions of IV were measured as de-
scribed previously® and are shown in Table I. The Beckman
DK-1 spectrophotometer was calibrated as described previously .1
However, instead of buffer solutions, perchloric acid solutions
of varying concentrations were used. Owing to low solubility in
water, compounds 2, 7, 11, 13, and 14 in Table I were dissolved
in 25 ml. of absolute ethanol and then diluted to 1 1. with de-
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Figure 18.—The relationship between d,’ and oy for 4-substi-

tuted 2-nitroanilines. Numbers refer to compounds listed in
Table V.

ionized water. The spectra of these five solutions were measured
against reference solutions of aqueous ethanol of the same con-
centration.

The pKa values were calculated from the equation™ where A

A -4
A, — 4

pKas = Hy — log

is the absorbance of the solution containing varying concentra-
tions of aqueous HCIO,, A; is the absorbance of the solution in
709, HCIO,, A is the absorbance of the base solution, and H,®
is the acidity function.

Polarographic Reductions of Some 4-Substituted 2-Nitro-
anilines.—A 0.005 M solution (10 ml.) of IV in 75%, aqueous
ethanol plus 10 ml. of 1 M XNO; solution were diluted to 100 ml.
with deionized water. A portion of this solution was trans-

(31) M. A. Paul and F. A. Long, Chem. Rev., 67, 1 (1957).
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ferred to the cathode compartment of a three-compartment po-
larography cell, the center compartment containing 1 M KNO,
solution, and the anode compartment containing a saturated
calomel electrode. The compartments were separated by plugs
of agar. The solution of IV was purged with nitrogen and
the polarogram was obtained with a Sargent Model XXI pola-
rograph. The reduction half-wave potentials shown in Table IT
were obtained by the point method.®

Infrared Spectral Studies and Measurement of Intensities of
4-Substituted 2-Nitroanilines.—The N-H stretching bands of
IV were measured with a Beckman IR-9 infrared spectrometer.
A variable path length cell was initially used to balance out sol-
vent absorption. Matched absorption cells of the sandwich
type containing sodium chloride prisms were used.

A 0.05 M solution of IV was prepared in spectroquality chloro-
form. The absorption spectra were measured over a wave-
number range of 50 cm.™ on either side of the band center.
The N-H stretching band was expanded five times.

The absorption intensity, I, was obtained from the relation3s

_K T,
T d [log (T )vm]A”l/ :

The area under the curve was obtained by the triangular method,
i.e., the peak height times the band width at one-half the peak
height. The results are shown in Tables III and IV.
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(32) H. H. Willard, L. L. Merritt, Jr., and J. A. Dean, ‘‘Instrumental
Methods of Analysis,” D. Van Nostrand Co., Ine., Princeton, N. J., 1958,
p. 544,

(33) D. A, Ramsay, J. Am. Chem. Soc., T4, 72 (1952). From Table III,
the value of K equals 1.57.
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The mass spectra of several porphyrins and chlorins of synthetic and biological interest have been obtained
and interpreted. These compounds fragment only peripherally as one would expect of a large aromatic sys-~
tem. Substituents in the 7- and 8-positions in chlorins are more labile than pyrrole ring substituents. +-
Substituents are even more labile and are lost with the transfer of one and two hydrogens to the tetrapyrrole

system, if possible.

A steric effect is observed in the loss of v-substituents.

The spectra of compounds con-

taining additional five- and six-membered carbocyeclic rings, including methyl phaeophorbide, were obtained
and interpreted. The directions of ring closure predicted for two isomeric chlorins in Woodward’s chlorophyll
synthesis were confirmed. The mass spectra of several compounds containing six-membered lactone rings
are discussed. Mechanisms are proposed for several of the types of fragmentations observed.

Porphyrins (I) and chlorins (II) are very difficult
compounds to handle in the laboratory. Many of
them are very complex and quite reactive. The veri-
fication of their structures has always been a major
problem, since many classical methods cannot always
give unambiguous results. Infrared and ultraviolet

2 @ 3 o 3
1 4 1 4
8 8 & B
8 & 8 5
7 8 7 v 6
1 1I

absorption spectra provided some information, but it
was not always definitive. Recently n.m.r. spectros-
copy has been shown to be a useful tool for investi-
gating the structures of these compounds,® but many
interesting tetrapyrrole compounds are not soluble
enough to give good spectra. Additional methods are
very much needed in this field because of the immense
biological importance of these compounds in both
plants and animals. The chloring are in many ways
quite similar to the porphyrins, but in others they are
quite different.? See Table I for compounds studied.

(1) R. B, Woodward and V. Skaric, J. Am. Chem. Soc., 88, 4676 (1961).
(2) R. B. Woodward, Ind. chim. belge, 37, 1293 (1962).



