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Abstract: Electronic absorption (EA) and circular dichroism (CD) measurements with a series of chiral N-substituted p-ni-
troanilines in conjunction with CNDO/S calculations with p-nitroaniline show that the strong absorption band of p-nitroani-
line in polar solvents at about 385 nm is long (z) axis polarized and that near 235 nm contains a strong short (x) axis and a
weak z axis polarized transition. These are assigned as transitions to the 2A, 3By, and 3A, and/or 4A, excited states, respec-
tively. The weak shoulders at about 315, 300, and 265 nm are identified as x axis polarized. The low-energy pair is assigned
to totally symmetric vibrational modes of the | B, transition, and the other to the 2B, transition. These assignments are, with
minor exceptions, in general agreement with those made previously.

Electronic absorption (EA) spectral studies of p-nitroanil-
ines are important since the p-nitroaniline chromophore is an
outstanding example of a polar organic group incorporating
both strong electron-donor and electron-acceptor moieties for
which electron-transfer bands are expected to be prominent.
Indeed, the EA spectrum of p-nitroaniline has been extensively
studied,* 10 but some of the absorption band assignments were
still unclear. The EA spectrum of the p-nitroaniline chromo-
phore is typified by that of (R)-N-(1,2,2-trimethylpropyl)-
p-nitroaniline [(R)-1] in methanol (Figure 1 and Table I)
which exhibits an intense long wavelength band at 392 nm
(€max 22 000) and a broad moderate band at 234 nm (€max
7900) with shoulders at 315, 300, and 265 nm. These transi-
tions have been variously assigned based on electric dichroic,’
single crystal, 49 stretched film dichroic,5 and magnetic circular
dichroic® absorption measurements as well as molecular orbital
calculations.”®10 The location of the intense long-wavelength
band is very solvent dependent and has been observed at
364-370 nm in single crystals,*? at 385 nm in polar solvents,’
and at 323 nm in nonpolar solvents.” The assignment of this
transition as long axis (z) polarized with strong charge-transfer
character has been generally accepted. The 234-nm band is
believed to be in-plane short axis (x) polarized with partial
contribution from a weak z-polarized transition at about 222
nm.” 810 There is, however, some disagreement as to the as-
signment of the transition in the 300-nm region. An additional
intense absorption band at about 190 nm has also been ob-
served by Khalil and McGlynn’ who extended their mea-
surements below 200 nm. Based on comparison with their
CNDO/S calculation, this band was assigned to be z-polar-
ized.” 10

The useful feature of circular dichroism (CD) measure-
ments in assisting in the location and assignment of electronic
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transitions!!12 has prompted us to measure the EA and CD
spectra of a number of chiral N-substituted p-nitroanilines
(1-7). These derivatives were prepared by condensation of
p-fluoronitrobenzene with the corresponding chiral amine,!3
(R)-7 being prepared in two steps by way of (R)-8. The
amines, except for that corresponding to (S)-5, were charac-
terized in connection with other work.!4-18 Application of the
salicylidenimino chirality rule!® to an interpretation of the CD
spectrum of the N-salicylidene derivative of the latter amine
now confirms its previously assigned configuration.!®

The EA and CD spectra of the p-nitroaniline derivatives are
summarized in Tables I and I1, shown in the figures, and dis-
cussed for the enantiomers with the R configuration regardless
of the enantiomer actually used.

Results and Discussion

(R)-N-(1,2,2-Trimethylpropyl)- p-nitroaniline [(R)-1].
Complementary to the EA spectrum of (R)-1 in methanol, its
CD spectrum (Figure 1) clearly shows positive maxima at 316,
304, 258, and 212 nm and a negative maximum at 227 nm. The
Cotton effect associated with the 392-nm absorption band
could not be observed in our instrument (Cary Model 60 with
a CD Model 6001 accessory) because of a very unfavorable
anisotropy factor (Ae/€) but is easily inferred to be negative
from the rotatory power of (R)-1 at the sodium D line (Table
1V) as well as CD measurements in ether-isopentane-ethanol
(EPA) using another instrument (JASCO Model J-40A)
(Figure 2).

The usefulness of CD measurements in detecting weak
transitions is clearly demonstrated by the appearance in the
CD spectrum of (R)-1 in methanol of apparent maxima at 316,
304, and 258 nm in contrast to mere shoulders at about these
same wavelengths in the EA spectrum. That the signs of the
CD bands give information on the relative orientation of the
respective transition moments is especially true for the p-ni-
troaniline chromophore which can be approximated as having
C,, symmetry. As a result, its electric transition moments can
only be either along or perpendicular to its long axis. Although
transitions of different polarization do not necessarily have
different CD signs, the appearance of oppositely signed CD
bands does signify different polarizations if the mechanism for
the generation of the Cotton effects is the same. Consequently,
the observation that the 315-, 300-, and 265-nm EA bands
exhibit Cotton effects with sign different from that of the
392-nm band, which is known to be z-polarized (A symme-
try), implies that the former transitions are x-polarized (B
symmetry). Furthermore, the appearance of oppositely signed
Cotton effects near 234 nm indicates the existence of two or
more transitions of different polarization in this spectral region
in agreement with previous assignments.”-:10
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Table I. Spectral Data for Chiral N-Substituted p-Nitroanilines in Methanol
CD¢
EA max max min 617 = £0
compd A, nm (€9) A, nm ([01%) A, nm ([6]%) A, nm#
(R)-1 392 (22 000) (=)° 320
315 (1600)/ 316 (+1100) 310 (£0)
300 (1200)/ 304 (+300) 295 (+£0)
265 (1800)/ 258 (+1200) 240
234 (7900)
227 (—2400) 223
212 (+4100) 208
(R)-2¢ 435
384 (20 000) 387 (+4900) 380 (+4400)
374 (+5500) 319 (+700)
310 (2000)/ 309 (+3100) 305 (+2800)
297 (1500)/ 300 (+3200) 273
270 (-1500) 268
267 (+600) 265
263 (—400) 262
257 (2700)/ 258 (+2200)/
245 (+6100) 235+
230 (8400)
(R)-3 443
386 (21 000) 388 (+9500)¢ 323 (+580)
308 (+6100) 304 (+5100)
298 (1000)/ 300 (+6100)
275 (+600)/ 270 (+300)
266 (+2400)/
260 (3000)/ 258 (+5800)/
246 (+11 000) 232
229 (9000) 226 (—-5700) 221
(R)-4¢ 450
384 (20 000) 375 (= 10,000)¢ 316
308 (2500)/ 310 (+8100) 306 (+6100)
304 (+6400) 300
290 (6100)/ 293 (—18 000)/
288 (—19 000)/
284 (—21 000)
282 (7700) 282 (—19 000)/ 264 (—9700)
272 (7000)
263 (5900)/
223 (84 000) 227 (—410 000) 217
(R)-5¢ 445
380 (17,000) 380 (+5400)¢ 318 (+1100)
308 (+1900) 303 (+900)
298 (2100)/ 297 (+1600) 275 (+300)
235 (+18 000) 222
213 (14,000)/
(R)-6 450
382 (19 000) 380 (+7700)¢ 320 (+1200)
310 (2200)/ 308 (+4900) 303 (+4600)
298 (1600)/ 298 (+5000) 279 (+1000)
253 (+15 000) 238
233 (15 000)
(R)-7 475
414 (+200 000)
392 (48 000) 388
368 (—140 000)
314 (4300)/
303 (3100)/ 300
287 (+2000)/
266 (+6900)
250
244 (—-4600)
231 (19 000)
225 (+14 000)/ 206/

@ Temperature 25-28 °C; ¢ 1.09 X 107510 3.43 X 1072 g/100 mL, length | cm. # Molecular ellipticity. ¢ Molar absorptivity. ¢ Each first
entry indicates the interval from the longest wavelength examined (600 nm) for which [8] = 0, and each last entry is cut-off. ¢ Deduced on
the basis of the rotatory power at b line and the CD measurement in EPA at 25 and —196 °C./ Shoulder. £ Enantiomer used. # [#] = +2600.
" Very broad. / [#] = +110 000.
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Table I1. Circular Dichroism Data for Chiral N-Substituted p-Nitroanilines in EPA¢

25°C =196 °C
max min [0]7 = £0 max min (0] = £0
compd A, nm ([0]%) A, nm ([6]%) A, nm¢ A, nm ([6]1%) A, nm ([8]%) A, nm¢
(R)-1 422 425
376 (—3400) 320 412 (=3100) 406 (—2000)
314 (+1300) 309 402 (—-4100) 397 (—-900)
390 (—3300) 345
325
312 (+6600) 308 (+3800)
303 (+5200) 285 (+3100)
280 (+3600) 276 (+2800)
270 (+3100) 260 (+2700)
256 (+3300) 253 (+1900)
246 (+6000) 243 (+3100)
239 (+5200) 2354
(R)-2¢ 458 470
382 (+5000) 368 (+4600) 404 (+9500) 399 (+8300)
360 (+4800) 318 (+1700) 390 (+8800) 318 (+800)
306 (+5000) 302 (+4300) 308 (+7000) 305 (+3000)
297 (+5000) 299 (+5000)
275 (+2200)/ 268 (£0) 291 (+3300)/
265 (+1700) 262 (+700) 282 (+1600)/ 278
248 (+5000) 240 271 (-4200)
268 (—8300) 265 (—=3700)
261 (=7000) 257 (=2100)
256 (—3600)
253 (=1500)/ 250¢
(R)-3 425 424
372 (+9600) 318 (+700) 402 (+19 000)/
307 (+8300) 303 (+6700) 391 (427 000) 334
297 (+7800) 272 322
269 (—1300) 267 309 (+17 000) 305 (+6100)
265 (+1500) 263 (+1100) 300 (+13 000) 294 (+5300)
257 (+6300)/ 290 (+6700) 277
252 (+8500) 240 276 (—2000) 274
232 (—-7300) 225 272 (+1400) 271
270 (=~ 1000) 268
264 (+5600)/
259 (+8700) 256 (+8100)
249 (+11 000) 234

¢ 1,06-2.04 mg/100 mL in ether-isopentane-ethanol, 5:5:2 by volume; length | cm. # Molecular ellipticity. ¢ Each first entry indicates
the interval from the longest wavelength examined (470 nm) for which [#] = £0, and each last entry is cut-off. 4 [#] = +3800. ¢ Enantiomer

used. / Shoulder. £ [#] = —-400.
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Figure 1. Electronic absorption (EA) and circular dichroism (CD) spectra
of (R)-N-(1,2,2-trimethylpropyl)-p-nitroaniline [(R)-1] in methanol.

The CD spectra of (R)-1in EPA at 25 and —192 °C are
summarized in Table II and shown in Figure 2. The obvious
difference between the two spectra is the appearance of fine
structure and an increase in rotational strength at the lower
temperature. It should be noted, however, that the rotational
strength increase is more pronounced for the 314-nm band than
for the 392-nm band as is expected since rotational averaging
as the temperature increases will be more effective for transi-
tions with short axis polarization. The great clarity of vibra-
tional fine structure in the low-temperature spectrum in the
303- to 312-nm region enables the assignment of the 312- and
303-nm maxima to be members of the totally symmetric vi-
brational progression of 950 cm™! of the By transition and the
minima starting at 308 nm, 400 cm™! from the band origin,
to belong to the nontotally symmetric vibrational progression
of this same transition. It is to be noted that this nontotally
symmetric vibronic progression is z-polarized. The symmetric
vibration may be due to the symmetric stretch of the carbon-
nitro group bond and/or the symmetric deformation of the
phenyl ring of about 840 cm™!, and the nontotally symmetric
vibration may .be that of the nitro group asymmetric defor-
mation of about 535 cm=—1.20

(R)-trans-N,N'-Di(p-nitrophenyl)-1,2-cyclohexyldiamine
[(R)-7]. The intense long-wavelength transition of the p-ni-
troaniline chromophore has been generally accepted as z-
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Figure 2. Circular dichroism spectra of (R)-/V-(1,2,2-trimethylpropyl)-
p-nitroaniline [(R)-1] in EPA at 25 and =196 °C.

polarized, and the CD of (R)-7 is in agreement with this as-
signment. According to exciton theory,!8:2! the dipolar inter-
action between two identical transition moments, g; and g,
will split the excited states into two, A and B, with energies
E(A)=Eq+ Vysand E(B) = Eqg— V3, where Eqis the en-
ergy state of a single group. The corresponding rotational
strengths are given by

A T
R(B) = ;(Z_N))Rlz'ﬂ-l X 2
where Ry is a vector directing from transition | to transition
2 and Ag is the transition wavelength. When a molecule has C;
symmetry, A and B represent the in-phase and out-of-phase
coupling modes, respectively. Consequently, if the dipolar in-
teraction energy is positive, the long-wavelength band of the
exciton couplet will always be B mode and will be positive for
positive chirality and negative otherwise. This statement is also
applicable to an exciton couplet between two different tran-
sition moments. Thus, the pattern of exciton splitting can give
information concerning the transition moment direction.

The CD spectrum of (R)-7 (Table I) in methanol clearly
shows exciton splitting centered near 390 nm. The exciton
splitting indicates that the transition moment directions are
not rotationally averaged to any great extent in agreement with
the long axis (z) polarization of the p-nitroaniline chromo-
phore. Since the exciton interaction is directly related to the
relative orientation of the two interacting transition moments,
a rotationally averaged transition moment will be doubly in-
effective in exciton splitting. Indeed the short axis (x) polarized
transition moments do not exhibit exciton splitting in the CD
spectrum of (R)-7. Thus the exciton splitting observed at 250
nm also indicates the presence of a z-polarized transition in this
spectral region. The intense positive CD absorption at cut-off
(206 nm) can be regarded as the beginning of the long-wave-
length band of an exciton couplet associated with the 190-nm
EA band observed by Khalil and McGlynn.” The sign of this
CD band also confirms the z polarization for the 190-nm
transition.

The fact that the CD maxima of the 390-nm couplet do not
have the same magnitude is due to the additional interaction
of the 390-nm transition with the shorter wavelength transi-
tions. These give positive contributions to the rotational
strength resulting in slight nonconservative behavior with a
larger positive CD maximum at longer wavelength for the CD
couplet.

(R)-N-(1-Phenylethyl)- and (R)-N-(1-Phenyl-2,2-di-
methylpropyl)-p-nitroaniline {(R)-2 and (R)-3]. For (R)-2 and
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Figure 3. Electronic absorption (EA) and circular dichroism (CD) spectra
of (R)-N-(1-phenylethyl)-p-nitroaniline [(R)-2] in methanol.
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Figure 4. Circular dichroism spectra of (R)-N-(1-phenylethyl)-p-nitro-
aniline [(R)-2] in EPA at 25 and —196 °C.

(R)-3 the overall intensity of the CD spectra (Figures 3-5)
indicates that the Cotton effects are generated by the electric
dipole-dipole coupled oscillator mechanism,?! the transition
of the p-nitroaniline chromophore being coupled to those of
the phenyl group. The sign of a particular Cotton effect is de-
termined by the chirality of the coupled oscillators, this chir-
ality depending on the absolute configuration and preferred
conformation of the compound and the polarization of the
transition moment in the chromophore and in the group to
which the latter is coupled. In (R)-2 and (R)-3, the transition
moments of the p-nitroaniline chromophore are coupled to the
1L, and B, benzenoid transitions of the phenyl group, the
latter moments directed along the phenyl group attachment
bond. The 'Ly, and !B, benzenoid transitions, perpendicular
to the phenyl group attachment bonds, are deemed ineffective
in the generation of Cotton effects due to the relatively unre-

stricted rotation of the phenyl group about its attachment
bond.
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Figure 5. Circular dichroism spectra of (R)-N-(1-phenyl-2,2-dimethyl-
propyl)-p-nitroaniline [(R)-3] in EPA at 25and —196 °C.

450

Newman projections of the conformers of lowest energy of
(R)-2 and (R)-3 may be depicted as 9 and 10, 9a and 10a, 9b
and 10b, and 9¢ and 10¢ being pairs of unresolvable confor-
mational diastereomers of almost equal energy. With each

H CH,

H R
C.H,NO C.H,NO,
=) (~0)
9a R = CH, or C(CH,), 9¢
9b

conformer is shown the rotatory contribution associated with
a transition of z polarization of the p-nitroaniline chromophore
coupled with the 'L, and !B, transitions of the phenyl group.

H CH; R
N
R H, H R C.H; H

CH.NO, C.H,NO, CH.NO,
(=) (~Q) (+)
10a R = CH, or C(CH,), 10c

10b

Conformers 9a and 10a will be of the highest energy because
of steric interaction and will be unimportant compared to the
others. Conformers 9b and 10b will also contribute negligible
rotational strength owing to the near anticolinearity and large
separation between the transition moments of the p-nitroani-
line chromophore and the phenyl group. In 9¢ and 10¢, the
chirality of the coupled oscillator for z polarization of the
chromophore is positive, and positive Cotton effects for the
385-nm band are observed. The enhanced CD maxima for
(R)-3 as compared to those for (R)-2 are a reflection of the
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greater steric requirement of a tert-butyl group as compared
to a methyl group, making 9¢ and 10c more preferred for (R)-3
than (R)-2.

A similar analysis allows the Cotton effect centered near 385
nm in the spectrum of (R)-1 to be correlated with its absolute
configuration. This Cotton effect also arises by the coupled
oscillator mechanism,?! and its sign is determined by the chi-
rality of its transition moment (z-polarized) with oscillators
in the chiral moiety. Since the polarizability of a carbon-
hydrogen bond is negligible compared with that of a carbon-
carbon bond, 2223 only the chirality of the carbon-c¢arbon bond
vicinal to the phenyl group-nitrogen bond of the chromophore
need be considered when predicting the sign of the Cotton ef-

C(CH. ), C(CH.),
w(l H H
N N
H CH, H CH,
C.H,NO, CH,NO,
11a 11b

fect. In the rotationally dominant conformers for (R)-1, 11a,
and 11b, this chirality is negative, and a negative Cotton effect
for the 385-nm transition is predicted.

The negative maxima at 263 and 270 nm in the CD spec-
trum of (R)-2 in methanol may be due to the combined effect
of the vibrational modes of the 'L, transition of the phenyl
group and the 265-nm transition of the p-nitroaniline chro-
mophore. Similar negative maxima are not observed in the CD
spectrum of (R)-3 in methanol because of the increased in-
tensity of the positive maximum at 246 nm.

In (R)-2 and (R)-3, the 310- and 260-nm absorption bands
give rise to Cotton effects at about 308, 300, and 245 nm, of
the same sign as that of the Cotton effect associated with the
absorption band near 385 nm, but in (R)-1 the corresponding
Cotton effects are opposite in sign to those for the band near
385 nm. This may be due to the circumstance that for (R)-2
and (R)-3, the nontotally symmetric vibrational progression
of the 310- and 265-nm bands of the p-nitroaniline chromo-
phore have z polarization whose dipolar coupling with the
phenyl group transitions becomes more important than the
totally symmetric progression whose polarization perpendic-
ular (x) to the rotational axis is partially averaged out. This
is dramatically demonstrated in the 310-nm band at low
temperature where the most intense CD maximum occurs at
308 nm in (R)-2 and (R)-3 (Figures 4 and 5) corresponding
to the nontotally symmetric vibronic band origin in (R)-1 at
low temperature (Table IT). In (R)-2 and (R)-3, the sign and
intensity of the CD maximum at 308 nm follow closely those
of the 385-nm band, the former borrowing its intensity from
the latter, in agreement with the vibronic theory of circular
dichroism.?* The vibrational fine structure for the 265-nm
band can also be seen in the CD spectrum of (R)-1in EPA at
low temperature (Figure 2). Thus, the 250-nm exciton band
in (R)-7, and the 245-nm band in methanol and the 250-nm
band in EPA of (R)-2 and (R)-3 may be due to the nontotally
symmetric vibronic progression (z-polarized) of this band.
However, the possibility of an A; transition in this region
cannot be ruled out.

(R)-N-[1-(1-Naphthyl)ethyl]- p-nitroaniline [(R)-4]. In the
EA spectrum of (R)-4, the vibrational progression from 263
to 290 nm and the intense absorption maximum at 223 nm are,
respectively, the 1L, and !B, transitions of the naphthalene
group, parallel and perpendicular, respectively, to its attach-
ment bond.?5 Since the conformers of (R)-4 making the most
significant rotatory contributions can be taken as similar to
9¢ and 10c, the close energetic proximity of the 310-nm tran-
sition of the p-nitroaniline chromophore to the 'L, transition
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Table I1I. Eleven Lowest Energy Transitions of p-Nitroaniline
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CNDO/S-CI calculation®

symmetry of excited wavelength, oscillator obsd absorption band,
state (transition) nim strength polarization® wavelength, nm
1A; (n — %) 456.9 4654
1By (n — 7*) 398.6 43X 1073 y 429 and 3914
1B (7 — %) 282.7 4.1 %103 x 299,94 ~303-278,7¢ 308 and 294,/ 315¢
and 300,¢8 289*
2A 1 (7 — %) 264.1 0.51 z 364-370,4 323,¢ 385,/ 392,£ 3374
2By (7 — %) 226.8 0.019 x 264-273,4 ~244 ¢ 250,¢1 2658
3By (7 — %) 2109 0.40 X 235,4 220-240,¢ 229,/ 234,82 2354
3A) (7 — %) 210.2 3.1 %1073 z
A, (7 — 7% 201.6 0.018 z} 227.% 2194
2A; (6 — 7%*) 193.5
4By (r — %) 189.1 0.31 200¢-¢
SAL (r — 7¥) 188.2 0.86 z 190¢

@ Thirty configuration interaction states were used. # The z and x axes are the long and short axes, respectively, while the ) axis is perpendicular
to the molecular plane. ¢ Shoulder. 4 Single crystal in ref 9. ¢ In methylcyclohexane in ref 7./ In EPA glass at 77 K in ref 7. & Electronic absorption
or circular dichroism measurements with (R)-1in méthanol (Table 1). # Magnetic circular dichroism measurements in heptane-dioxane in

ref. 8.

of the naphthyl group suggests that the rotational strength of
the former should come mainly from dipolar interaction with
the latter. Such an interaction should, for z polarization of the
310-nm nontotally symmetric vibronic transitions of the p-
nitroaniline chromophore, result in positive Cotton effects as
are observed. The contribution to the naphthyl group 'L,
Cotton effects by this interaction should be negative as should
the contribution from the dipolar interaction with the intense
385-nm transition of the p-nitroaniline group. That the
naphthyl group 'L, Cotton effects (282-293 nm) are negative
indicates that the interaction of this transition with the long-
wavelength z-polarized (A;) components near 310 and 385 nm
of the p-nitroaniline chromophore overshadows that with the
more intense but energetically more remote A; transition at
about 190 nm. This interaction should make a positive con-
tribution to the naphthalene 'L, Cotton effects.

The negative sign for the CD maximum at 375 nm, the same
sign as that of the 'L, naphthalene transition, shows that in-
teraction of the latter with the former cannot be the dominant
contribution to its rotational strength. Indeed, the main con-
tribution to the 385-nm rotational strength of (R)-4 comes
from dipolar interaction of this A, transition of the p-nitro-
aniline chromophore with the intense 223-nm !By, transition
of the naphthalene group. This latter transition gives rise to
a very strong negative Cotton effect due to dipolar interaction
with the strong 190-nm A; transition of the p-nitroaniline
chromophore. The extremely intense Cotton effect of the 1By
transition of the naphthyl group implies a preferred confor-
mation of the group about its attachment bond in contrast to
the nearly free rotation of the phenyl group in (R)-2 and
(R)-3.

(R)-N-[1-(2-Furanyl)ethyl]- and (R)-N-[1-(2-Thienyl)-
ethyl]- p-nitroaniline [(R)-5 and (R)-6]. The absorption bands
of (R)-5 and (R)-6 at about 225 nm are due to transitions of
the furan and thiophene groups, respectively, and the CD
spectra can be interpreted in much the same way as those of
the (R)-N-(1-phenylethyl) analog. The positive Cotton effects
associated with the 385-, 310-, 255-, and 235-nm p-nitroaniline
transitions arise by coupling of the A; components with the
strong m — m* transitions of the furan and thiophene groups
at about 225 nm.26 Again the transition moment component
along the attachment bond of the heterocyclic group is the most
effective in inducing dichroic absorption in the p-nitroaniline
chromophore. On the basis of the conformers similar to 9¢ and
10c being more important than those similar to 9a and 10a,
positive Cotton effects near 385 and 310 nm are predicted and
are observed. This interpretation is complicated by the lack of

C,, symmetry for the heterocyclic groups, their near degen-
erate transitions,26 and possible exciton splitting with the p-
nitroaniline transitions in this region.

CNDO/S-CI Calculations. During the course of this re-
search a CNDOQ/S-CI calculation?” for p-nitroaniline was
carried out in order to augment the interpretation of our CD
results. It was later learned that Khalil, Seliskar, and
McGlynn-10 had also carried out exactly the same calculation.
The results of the two calculations are essentially identical
except the oscillator strengths obtained by Khalil, Seliskar, and
McGlynn!? may be too low by a factor of 2 (cf. ref 28). The
present results for the 11 lowest energy transitions for p-ni-
troaniline by the CNDO/S-CI method are given in Table III.
Also shown in Table III are the assignments of the symmetry
of the various excited states, their polarization, and the ex-
perimentally observed absorption maxima. The orderings of
the seven lowest energy transitions obtained by the ab initio
CI method® are somewhat different from those of the present
CNDOQ/S calculation, but the transition energies of the latter
are much superior.

A single-crystal experiment® revealed an absorption shoulder
of very low intensity at 465 nm and two weak ones at 429 and
391 nm. The latter were assigned as two separate B, transi-
tions, and the former was assigned to a B, transition.? Based
on the CNDO/S transition energies we prefer to assign the
465-nm absorption to the 1A, transition and the two others to
vibronic structure of the 1B5 transition, both the 1A and 1B,
excited states arising by n — 7* transitions. It should be noted,
however, the Khalil, Seliskar, and McGlynn!® have argued that
these n — 7* transitions should be at higher energies than the
lowest energy m — m* transition.

The present assignment of the n — 7* transition to the
lowest energy singlet-singlet transitions is not inconsistent with
the luminescence characteristics of p-nitroaniline observed by
Khalil and McGlynn? that the lowest energy transition of p-
nitroaniline does not fluoresce in nonpolar media and its in-
tensity increases on N-methylation and on increasing solvent
polarity. It is well known that a blue shift occurs for ann —
T* transition in polar solvents owing to stabilization of non-
bonding orbitals. Since the 2A; transition is one of strong
charge transfer with the excited state more polar than the
ground state, hydrogen bonding stabilizes the excited state
more than the ground state resulting in a red shift of this
transition in polar solvents. In fact, this absorption band is
shifted more than 5000 cm~! to the red by changing the solvent
from methylcyclohexane to EPA.7 The combined result of
these two effects is the possible inversion of states with the 2A,
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Table I'V. N-Substituted p-Nitroanilines
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combustion analysis

molecular caled, % found, %
compd¢ mp, °C [¢]%p, deg? formula C H N S C H N S
(R)-1¢ 78-80 -84 Cy2H1sN20; 64.84 8.16 12.60 65.03 8.40 12.60
(S)-24 68-70¢ -169 Ci14H14N505 69.40 5.83 11.56 69.59 5.91 11.47
(R)-3 171-172 +1383 C7H20N,0; 71.80 7.09 9.85 71.95 7.18 9.90
(S)-4/¢ 131-132#4 +381 CigH6N5O5 73.95 5.52 9.58 73.85 5.61 9.65
(S)-5¢ 61-62 -319 C3H13N,04 62.06 5.21 12.06 62.17 5.32 12.01
(£)-6 132-133/ +3 C;2H2N-05S 58.04 4.87 11.28 12.91 57.91 4,74 11.26 13.01
(R)-6* 85-86 +152

“ The characterization of the corresponding amine is given as a footnote. # ¢ 1.01-1.23 g/100 mL in methanol. ¢ Reference 16. 4 Reference
14 for the R amine. ¢ After molecular distillation at 160 °C (3 mm) over 24 h./ Reference 15. ¢ The configurational assignment for the cor-
responding amine has been verified by R. Menicagli, L. Lardicci, and C. Botteghi, Chem. Ind. (London). 920 (1974). # After molecular distillation
at 180 °C (0.5 mm) over 8 h. ' This work. / After molecular distillation of (R)-6 at 136 °C over 16 h. A sample prepared from the racemic

amine had mp 131-132 °C. ¥ Reference 17 for the S amine.

T — 7* transition at a lower energy than the 1A, and 1B, n
— 7* transitions with the consequence of fluorescence only
in polar solvents.

An alternate assignment is to regard the extremely weak
465-nm absorption band observed by Bertinelli, Palmieri,
Brillante, and Taliani® as either a singlet-triplet transition or
as an artifact?® and assign the 429- and 391-nm bands as the
1A, and 1B, transitions, respectively. This will make the in-
version of states argument above even more persuasive since
only small blue shifts are needed to make the 1A, and 1B,
transitions higher in energy than the red-shifted 2A; transition
in a polar solvent.

It should be noted that molecular orbital calculations by
Plotnikov and Komarov3© also place the singlet n — 7* tran-
sition of p-nitroaniline lower in energy than the lowest energy
m — 7* transition, albeit the n — 7* transition at a higher
energy than that given by the CNDO/S calculations. Some-
what more quantitative arguments than that presented above
in connection with the inversion of states concept are also
presented by Plotnikov and Komarov3© to interpret the lumi-
nescence properties of p-nitroaniline.

The intense absorption maximum observed at 364-370 nm
in the single crystal,’ 385 nm in polar solvents,” and 323 nm
in nonpolar solvents” is assigned to the 2A transition and the
strong absorption band at about 235 nm’? to the 3B, transition
in agreement with previous assignments.#6-9 Khalil and
McGlynn” have assigned the intense 190-nm band which they
observed to the 5A; transition. Our CD results confirm this
assignment, but the shape of the absorption band reported by
Khalil and McGlynn” suggests that it may be a composite of
the 4B; and 5A, with the former as its long wavelength
wing.

Our EA and CD measurements suggest short (x) axis
polarized transitions at about 315, 300, and 265 nm. The
low-energy pair is assigned to totally symmetric vibrational
modes of the 1B, transition and the other to the 2B; transition.
Magnetic circular dichroism (MCD) measurements® and the
CD results indicate a long (z) axis polarized transition at about
225 nm which is identified as the 3A and/or the 4A| transi-
tion. These assignments, with minor exceptions, are in general
agreement with those of Khalil, Seliskar, and McGlynn.”-10

Experimental Section

Melting points were taken in open capillary tubes and are corrected.
Boiling points are also corrected. Optical rotations at the sodium D
line were measured using a visual polarimeter and a 1-dm sample tube
except for the derivatives of trans-1,2-cyclohexanediamine. The latter
were measured using a Rudolph Autopol I polarimeter using a 2-dm
sample tube. lsotropic electronic absorption (EA) spectra were ob-
tained with a Cary Model 14 spectrometer with the normal variable
slit and matched 1-cm cells. Circular dichroism (CD) spectra with

methanol as solvent were measured with a Cary Model 60 spectro-
polarimeter with a CD Model 6001 accessory. The slit was pro-
grammed for a spectral band width of 1.5 nm, and cut-off was indi-
cated when the dynode voltage reached 400 V. With EPA as the sol-
vent, the CD spectra were measured using a JASCO Model J-40A
spectropolarimeter by Ruth Records at Stanford University. All of
the N-p-nitroanilines (1-8) and the N-salicylidene derivatives of (S)-7
and (S)-a-(1-furanyl)ethylamine had 'H NMR spectra (JEOL
JNM-MH-100 operating at 100 MHz) in deuteriochloroform or
acetone-dq compatible with their assigned structures. Elemental
analyses were done by Galbraith Laboratories, Inc., Knoxville,
Tenn.

N-p-Nitroaniline Derivatives 1-6. A one-third molar equivalent of
p-fluoronitrobenzene was added to the amine (1.0 g) in dimethyl
sulfoxide (5 mL) and the mixture heated at 50 °C for 24-96 h. The
solution was diluted with water (50 mL), and the acidity adjusted to
pH 4-6 with glacial acetic acid. Refrigeration was used when needed
to promote crystallization of the product. The derivative was collected
by filtration and recrystallized from benzene-hexane as yellow solids.
Some of the derivatives were subjected to molecular distillation. De-
tails and properties are given in Table IV.

Upon prolonged heating during molecular distillation, (R)-6 was
racemized as evidenced by the physical properties of the distillate
(Table I'V). Racemization did not occur on molecular distillation of
(S)-2 and (S)-4 since their melting points were the same before and
after molecular distillation and, after molecular distillation, had high
rotatory powers at the sodium D line. Also, the sample of (S)-2 prior
to molecular distillation had [«]2%p —159° (¢ 1.20, CH3OH), slightly
lower than that observed after molecular distillation.

(R)-trans-N,N'-Di(p-nitrophenyl)-1,2-cyclohexanediamine [(R)-7].
p-Fluoronitrobenzene (0.20 g, 1.4 mmol) was added to (R)-trans-
1,2-cyclohexanediamine!8 (0.20 g, 1.8 mmol) in dimethyl sulfoxide
(7 mL) and the mixture stirred at 50 °C for 4 h. To the cooled mixture
were added ethyl ether (10 mL) and 0.2 N hydrochloric acid (15 mL).
The aqueous layer was separated and the ethereal layer extracted with
0.2 N hydrochloric acid (10 mL). The combined aqueous layers were
made basic with 2 N sodium hydroxide (4 mL) and then extracted
with ether (3 X 25 mL). This ethereal solution was dried (Na>SQOy),
and evaporation of the solvent gave crude (R)-N-(p-nitropheny!)-
1,2-cyclohexanediamine [(R)-8] (0.22 g, 67%). To this sample in
dimethyl sulfoxide (6 mL) was added p-fluoronitrobenzene (0.22 g,
0.16 mmol), and the mixture was stirred at 70 °C for 16 h. The yellow
semisolid reaction mixture was cooled and diluted with water (40 mL).
This mixture was extracted with ether (3 X 20 mL). The ether was
extracted with 0.5 N hydrochloric acid (2 X 15 mL). After drying
(Na3S0y), evaporation of the ether gave an oil as residue. Addition
of ethanol (5 mL) and then carbon tetrachloride (10 mL) gave solid
(R)-7 (0.13 g, 39%) which was recrystallized from methanol-carbon
tetrachloride: mp 204-206 °C; [a]20p +875° ([¢]%0p +4910°) (c
0.192, CH3;0H).

Anal. Caled for CigH20N404 - 4/3CCly: C, 41.36; H, 3.59; Cl,
33.67; N, 9.98. Found: C, 41.23; H, 3.69; Cl, 33.26; N, 9.90.

Recrystallization from chloroform gave (R)-7: mp 118-120 °C with
resolidification at 135 °C and remelting at 203-205 °C; [«]%%p
+1030° ([¢]2% +4900°) (¢ 0.0625, CH3;OH).
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Anal. Caled for CgHoN4O4 - CHCl3: C, 47.97; H, 4.45; Cl, 22.35;
N, 11.78. Found: C, 48.19; H, 4.60; CI, 22.89; N, 11.80.

Racemic 7 was prepared from the racemic diamine in a similar way
and was recrystallized from ethanol-chloroform: mp 236-237 °C.

Anal. Caled for CigHyoN404: C, 60.66; H, 5.66; N, 15.72. Found:
C, 60.57; H, 5.65; N, 15.58.

(S)-trans-N-(p-Nitropheny!)-1,2-cyclohexanediamine [(S)-8]. p-
Fluoronitrobenzene (0.80 g, 5.7 mmol) was stirred with (S)-trans-
1,2-cyclohexanediamine!® (0.60 g, 5.2 mmol) in dimethyl sulfoxide
(8 mL) at room temperature for 20 h. The reaction mixture was di-
luted with water (40 mL) to which was added 2 N hydrochloric acid
(2 mL) and then extracted with ether (2 X 100 mL). The aqueous
layer was made basic by the addition of 2 N sodium hydroxide and
then extracted again with ether (2 X 100 mL). Evaporation of the
latter ethereal solution gave a crystalline residue (0.60 g) which was
dissolved in hot methanol, cooled, and filtered. The filtrate was
evaporated, and treatment of the residue with ethy! acetate-ether (1:1,
20 mL) gave (S)-8 (0.120 g, 10%): mp 136-138 °C. Recrystallization
from ethyl acetate-ether gave the analytical sample: mp 137-138 °C;
[«]®p +50° (c 0.280, CH;0H).

Anal. Calcd for C3H19N304: C, 61.26; H, 7.28. Found: C, 60.98;
H, 7.33.

Salicylaldehyde (0.10 g, 0.82 mmol) was added to (S)-8 (0.20 g,
0.85 mmol) in methano! (5 mL), and the mixture was stirred at 50 °C
for 1 h. Evaporation of the solvent followed by the addition of eth-
yl acetate-cyclohexane (1:1, 4 mL) gave (S)-trans-N-(p-nitro-
phenyl)-N’-salicylidene-1,2-cyclohexanediamine (0.21 g, 75%):
mp 145-148 °C. Recrystallization from carbon tetrachloride gave
the analytical sample: mp 149-150 °C; [«]2%p +87° (c 0.396,
CH;0H).

Anal, Caled for CgHy;N303: C, 67.24; H, 6.24; N, 12.38. Found:
C, 67.30; H, 6.27; N, 12.18.

(Syc-(2-Furanylethylamine. The racemic amine was prepared by
lithium aluminum hydride reduction3! of I-acetylfuran oxime32? and
had bp 70-72 °C (42 mm) and n28 1.4726 [1it.32 bp 145-147 °C (740
mm) and n20p 1.4758]. Addition of an equal molar amount of (+)-
tartaric acid to the racemic amine in methanol and recrystallization
from methanol gave a pure acid tartrate salt: [} 25p +15° (¢ 2.01,
H>0) [lit.!% [a} 0546 +15.29° (c 2, H>0)].33 Decomposition of this
salt in the usual way gave the S amine: bp 150 °C (746 nm); a?p
—21.8° (neat, | dm); [«]25p =22° (¢ 1.06, CH;OH) [lit.!® [«]2%
—22.9° (state not specified)]. Addition of the S amine (143 mg, 1.29
mmol) to salicylaldehyde (172 mg, 1.41 mmol) in benzene (7 ml) gave
the N-salicylidene derivative as a yellow oil: UV max (CH30H) 314
(e 4100), 256 (13 000), and 216 nm (27 000); (hexane) 320 (e 4700),
260 (13 000) (sh), 256 (14 000), 216 nm (29 000); CD (¢ 0.0137,
CH3;0H) [8]a10 £0, [0]s00 £0, [6]330 +350, [6]360 £0, [0]317
+14 000, [0]204 £0; (c 0.001 37) [0]204 20, [0]276 —23 000, [8]26¢
+0, [0]2ss +42 000, [0]241 0, [f]235 —7500 (sh), [#]223 —49 000,
[61220 —38 000; (¢ 0.001 30, hexane) [0]s00 £0, [#]360 £0, [8]320
+17 000, [8]293 £0, [6]276 =22 000, [01262 £0, [6]257 +30 000, [0]242
%0, [#]235 —=7000 (sh), [8]224 —40 000, [#]220 —32 000.
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