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The 5N chemical shifts of N-methylaniline, N,N-dimethylaniline, several ring-alkylated N,N-dimethylanilines,
and their conjugate acids have been measured at the natural abundance level. Relative to aniline, N-methylation
induces upfield shifts, in contrast to the downfield shifts expected on a-substitution. The influence of ring methyl
substitution on the resonance position of dimethylaniline is the same as that reported for aniline, except for ortho
substitution. Under these conditions, considerably larger upfield shifts are exhibited. In contrast, the chemical
shifts of the conjugate acids of the dimethylanilines all lie within a 2-ppm range. The large diamagnetic shifts in-
duced by ortho methyl substitution are attributed to the torsional distortion of the dimethylamino group from the
optimum conformation for nitrogen lone-pair localization. The results correlate with appropriate aniline !3C chem-
ical shifts and, especially, with the ionization potentials of the corresponding aniline = orbitals, which are a measure
of nitrogen lone-pair 7 delocalization. The diamagnetic « effects also may be rationalized by this means. The nitro-
gen shifts of 2,6-diethyl- and 2,6-diisopropyl-N,N-dimethylaniline have been used to estimate torsional angles of

77 and 80°, respectively.

Correlations between the behavior of substituted anilines
and extent of nitrogen lone-pair delocalization have been
explored by investigation of myriad physical and chemical
properties. The several relationships between nuclear mag-
netic resonance (NMR) properties and various functions of
electron distribution make NMR spectroscopy eminently
suitable for this type of study. Particularly when the NMR
behavior of the nitrogen nucleus itself is affected, nitrogen
NMR spectroscopy has been a useful probe of these phe-
nomena. The first studies exploiting this possibility using
substituted !>N-enriched anilines,! as well as prior work with
14N NMR,? demonstrated the direct relationship between
nitrogen resonance positions and substituent conjugative
electronic properties. Subsequently, the nonconjugative
methyl group was shown also to influence aniline nitrogen
chemical shifts? in a systematic, additive manner which could
be related to polarization in the ¢ framework. Because ni-
trogen lone-pair delocalization is possible with both types of
substituents, it is of interest to determine the behavior of the
nitrogen resonances when delocalization is in fact inhibited.
Several lines of evidence®-? indicate that this is the case with
ortho-methyl-substituted N,N-dimethylanilines. Conse-
quently, we have determined the natural-abundance 15N
chemical shifts of a selected group of these compounds, rep-
resented in la-5, in order to assess the influence of sterically
inhibited conjugation on the resonance positions.

Experimental Section

Compounds 1-5 were either commercially available or were pre-
pared by methylation of the primary amine with trimethyl phos-

phate.19 Infrared and 'H NMR spectra were consistent with the
structures, and boiling points agreed with reported values.!!

N(CHy), N(CH,),
R,
R
R,
la,R=H 2a, R, = 2-CH,; R, = 3-CH,
b, R = 2-CH, b, R, = 2-CH,; R, = 6-CH,
c¢,R=3-CH,
d, R = 4-CH,
N(CH,),
CH, CH,
N(CH,),
R R
CH,
3 4, R =C,H,
5, R =i-C,H,

Spectra were determined on a JEQL PS/PFT-100 spectrometer
as described elsewhere.!? Initially, the free bases were run using
10-15% deuteriobenzene as internal lock in solution, and were ref-
erenced to an external capillary of 2.9 M enriched ammonium chloride
in 1 M HCI. Subsequently, we noted that the resonance positions were
somewhat solvent sensitive. For example, the resonance position of
la as a pure liquid (see below) differs by 1.5 ppm from that arising
from a 25 vol % solution in cyclohexane. On the other hand, 3 remains
unaffected upon dilution of the pure liquid to 25% in cyclohexane, yet
moves 4 ppm downfield when 15% deuteriobenzene is used as internal
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Table 1. Nitrogen-15 Chemical Shifts of N,N-Dimethylanilines¢
Registry
no. oN? AdNC Adn'd ony+be Adnp+! pKl.t [P K IP,,"
62-53-3 Aniline 31.51 0 11.9 26.1 -54 4.26 8.05 10.81
100-61-8 N-Methylaniline 27.8 -3.7 8.2 19.6 -8.2 4.29 7.65 10.20
121-69-7 la 19.6 -11.9 0 22.6 3.0 4.39 7.37 9.80
609-72-3 1b 8.9 (—20.3)* —22.6 -10.7 21.1 12.2 5.15 7.92 9.51
121-72-2 1c 18.7 (=12.0) —-12.8 ~0.9 22.6 3.9 4.66 7.24 9.61
99-97-8 1d 17.0 (—12.0) —14.5 ~2.6 21.7 4.7 4.94 7.27 9.55
24226-35-5 2a 8.4 (—19.5) —23.1 —-11.2 20.8 12.4 5.25
769-06-2 2b -7.9(-33.9) -394 —-27.5 214 29.3 4.81 7.85 8.85
13021-15-3 3 -9.6 (—32.2)! —-41.1 —29.2 20.7 30.3 5.15m
2909-78-6 4 -11.9(=35.1)7 —43.4 —31.5 20.8 32,7
2909-77-5 5 —-14.6 (—37.0)" -46.1 —-34.2 19.2 33.8

@ Chemical shifts and differences in parts per million. ® With respect to **NH,Cl; see Experimental Section. Positive values denote

downfield shifts. ¢ Adn, = 6; —

5amlme

Ad’N; = 6; = b15. *Chemical shifts of anilinium ions. / AdNp+ = bign —

8amine = change in chemical

shift on protonation. ¢ Reference 6b, in 50% ethanol. * Vertical ionization potentials (eV), ref 9a,c. * Reference 4a. / Reference 4b.
k Parenthesized values are differences between the substituted N,N-dimethylanilines and the corresponding anilines, ref 3. ! § jesidine
= 22.6 ppm. ™ Reference 13. * The chemical shifts of 2,6-diethyl- and 2,6-diisopropylaniline are 23.2 and 22.4 ppm, respectively.
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Figure 1. Natural-abundance !°N spectra of N,N-dimethylanilines.
The spectra were obtained at 1-s repetition rates for total accumu-
lations ranging from 8800 (1b) to 61 800 (1a). The numbers on the
spectra correspond to compound numbers in Table I.

lock. Hence, to circumvent this uncertainty, all free bases were run
as pure liquids containing 10-20 mg of chromium tris(acetylacetonate)
to shorten T'; values, and a reference signal was derived from a con-
centric capillary of ca. 209 enriched nitromethane in deuteriobenzene,
which provided the field frequency lock. Under these conditions the
resonance of 2.9 M ammonium chloride lies 351.85 ppm to higher field.
The experimental measurement uncertainty is estimated to be £0.2
ppm or better.

The amine trifluoroacetates were prepared by dissolving the amines
in 2 equiv of trifluoroacetic acid in deuteriobenzene. Final concen-
trations were 1-2 M, but the effect of concentration on the resonance
positions was not determined.

Results and Discussion

The chemical shifts of 1~-5 and their protonated forms are
given in Table I, which also includes literature values for the
pK zs of some of the bases®13 and photoelectron vertical ion-
ization potentials.%2¢ Table I also includes various chemical
shift differences which will be useful in the ensuing discus-
sion.

Several trends may be noted at the outset. First, successive

methylation at nitrogen (aniline — N-methylaniline — la)
displaces the nitrogen resonance positions upfield by 5.3 and
11.9 ppm, respectively. While the direction of the change
persists in going from anilinium to N-methylanilinium ion,
protonated la reverses the pattern. These changes stand in
marked contrast to the effects of a-substitution on the 13C
chemical shifts of structurally analogous alkylbenzenes, where
downfield shifts of ~9 ppm arise.l4 Similarly, e-substitution
of aliphatic amines is reported to deshield nitrogen nuclei,
although the magnitude of the shift (~9 ppm) was derived by
multiple regression analysis of primary amine data rather than
by direct measurements.!? Isolated examples of upfield « ef-
fects have been reported. Thus, the nitrogen resonance of
1,1,3,3-tetramethylurea lies 14.2 ppm upfield from that of
urea,!b and the resonances of several N-methyldecahydro-
quinolines lie ~5 ppm upfield of those of the unsubstituted
compounds.!6 In a related manner, the nitrogen chemical shift
of N-methylpiperidine is only 0.3 ppm downfield from that
of piperidine. Similarly, an upfield shift on methylation of an
aminoglycoside was reported very recently.l” Because of the
disparate nature and paucity of examples, a general ration-
alization of this behavior is not apparent.

Second, as in the anilines, ring methyl substitution of
N,N-dimethylaniline shifts the nitrogen resonances to higher
fields. Indeed, the effect of 3- and 4-methyl substitution (le
and ld, respectively) compares with that found in the ani-
lines.? However, 2-methyl substitution {1b and 2a) induces
an additional 7-8 ppm change over that found in le¢ and 1d.
This is apparent from the parenthesized values in column 2
of Table I, which are expected to partially correct for effects
of the methyl group common to both the anilines and the
N,N-dimethylanilines. Further substitution at the ortho po-
sition (2b and 3) augments the change. Thus, the nitrogen
shift of 2b, 34 ppm higher than that of 2,6-xylidine, is almost
40 ppm higher field than that of aniline itself, lying in a range
characteristic of aliphatic amines.!® As demonstrated by 4 and
5, the upfield displacement is enhanced by increasing the size
of the 2,6-dialkyl groups. These trends may be discerned easily
in Figure 1.

Third, while changes of the aniline nitrogen positions on
protonation are consistently upfield,*’ those displayed by 1-5
are all downfield. Indeed, with the exception of 5, the chemical
shifts of the ions in this series differ by amounts, just outside
experimental error, averaging 21.5 ppm with a standard de-
viation of 0.8 ppm. While effects of solvent, concentration, and
nature of the anion are likely to influence the shifts of the
cations,!® nonetheless the relative constancy of the values
probably reflects structural factors to a large extent. It is in-
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teresting that, with the exception of 2b, all the resonances lie
at higher field than those of the corresponding primary anil-
inium ions.*® This appears to be another example of an upfield
« effect, although the absence of detailed concentration
studies makes such an observation speculative. The resonance
positions of the first three cations in Table I (column 5) do not
parallel those of the carbons of the isoelectronic toluene,
ethylbenzene, and cumene, respectively.14

The upfield displacements induced by ortho alkyl substi-
tution are most readily interpreted in terms of the well-es-
tablished distortion of the dimethylamino group from the
optimum conformation (6) for nitrogen lone-pair interaction
with the benzene = system. In this case, the pyramidal nitro-
gen is still oriented such that the axis of the lone-pair orbital
makes a dihedral angle of 90° with respect to the plane of the

— . o CH‘\N 5
N\ Y4 N CH, \
CH, CH.
6 7

ring. Distortions from this geometry have been correlated with
changes in basicity,>® UV absorption intensities,® pK,s of
substituted benzoic acids,® chemical shifts of 13C72 and 19F,7®
and changes in 13C-H coupling constants.2® Thus, the in-
creased basicity of 1h, 2a, and 3 relative to la, le, and 1d, is
attributable in part to greater localization of electron density
at nitrogen in a twisted conformation (7). Similarly the lower
field 19F shift of 8 relative to that of 9 is attributable to reduced
nitrogen delocalization, hence greater fluorine delocalization
in the former, so that the fluorine is deshielded.™ Qualita-
tively, the change in the !°F chemical shifts in the series 8~11

R, R,
N
R, R,
F

8,R, =R, =CH,
9,R,=CH,:R, = H
10,R,=R,=H
11, R, = H; R, = CH,

parallels that displayed by 2b, 1a, aniline, and 2,6-xylidine,
respectively, but there is no direct correlation. Similarly, if the
19F and 5N chemical shift differences between corresponding
nonmethylated and dimethylanilines are compared, a quali-
tative but not quantitative parallelism exists. The absence of
a direct correlation probably reflects the different degrees to
which inductive and mesomeric effects contribute to the shifts
in the disubstituted compounds compared to the monosub-
stituted.’?

A more fruitful comparison arises with the 13C shifts of the
anilines.’ To the extent that the same factors influence both
sets of resonances, the differences between écy of the dial-
kyl-N,N-dimethylanilines relative to the primary anilines are
expected to reflect largely the electronic effect of the nitrogen.
Hence literature values for the carbon shifts of the series,
supplemented by new measurements for 2b, 4, and 5, were
plotted against the nitrogen shifts (Figure 2). The scatter
exhibited by these points may arise from two sources. First,
steric and electronic factors are likely to influence the nitrogen
shifts in the less hindered primary amines to a different extent
than in the tertiary compounds, and this difference may be
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Figure 2. Plot of nitrogen shifts of dialkylanilines vs. carbon shifts
of C4. The upper line represents the least-squares correlation of all
points, while the lower line (open triangles) represents the correlation
within the 2,6-dialkyl-substituted series 1a, 2b, 4, and 5.

compensated only partially by taking the chemical shift dif-
ferences (parenthesized values in column 2, Table I). Second,
the positional influence of the ring alkyl substituents on the
13C and !5N resonances is likely to be different. Thus, in 2a,
the methyl group at C-3 is ortho to C-4, but meta to C-1, which
bears the amino group; nothing requires that the responses
of the two positionally different nuclei to the same substituent
parallel each other exactly. Given these several possibilities,
the moderate correlation displayed in Figure 2 (r = 0.941,
slope = —2.3 ppm H/ppm C) is encouraging. To limit the
number of variables influencing the shifts, the series la, 2b,
4, and 5 may be examined, where only the nature of the alkyl
substituents at C-2 and C-6 is changed. Here, electronic per-
turbations at C-4 and the nitrogen are expected to vary little
throughout the series, and the correlation, admittedly with
a smaller number of points, is much improved (r = 0.999, slope
= —2.4 ppm N/ppm C). Hence it is reasonable to suggest that
both the nitrogen and the C-4 resonance positions are pri-
marily influenced by common factors, of which the torsional
distortion of the dimethylamino group is likely to be domi-
nant.21.22

That the nitrogen resonance positions move upfield as de-
localization is inhibited is consistent with an increase in
electron density as well as a decrease in the C;-N 7 bond
character. Within the qualitative Karplus-Pople treatment
of chemical shifts an increase in the latter parameter is ex-
pected to increase the paramagnetic part of the chemical shift
and deshield the nitrogen.2® An approach of this type has been
used to rationalize the nitrogen shifts of conjugatively sub-
stituted anilines.!-3 A measure of the validity of this argument
may be obtained by examination of vertical ionization po-
tentials of the anilines, obtained from photoelectron spec-
troscopy.® Delocalization of the nitrogen lone pair results in
splitting of one of the degenerate highest occupied molecular
orbitals (HOMO) of benzene with the correct symmetry (b,).
The other is shifted only slightly, presumably because of an
inductive effect. These interactions are indicated schemati-
cally in Figure 3. Calculations®* indicate that the first and
third ionization bands, labeled 74 and 73, respectively,®e may
be assigned to those arising by interaction with the nitrogen
lone pair; furthermore, from overlap populations®* = has a
considerably higher degree of lone-pair character. Hence the
difference between the 74 and 7 ionization potentials, AIP,
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Figure 3. Schematic representation of the interaction between the 2p orbital of an amine nitrogen and the HOMOs of benzene.
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Figure 4. Schematic representation of the benzene orbital splitting

by an amino group, obtained from photoelectron spectroscopy (ref
9c).

reflects the extent of lone-pair delocalization; this is repre-
sented in Figure 4, where it is apparent that both ionization
bands undergo similar changes in all compounds which do not
bear ortho methyl groups. Indeed, the changes are comparable
to those displayed in the series ammonia — methylamine —
dimethylamine. On the other hand, substitution in the ortho

L.P.(7,).eV

10 10.5

T T

5 i
10 1.5 20

al.P. eV

Figure 5. Plot of nitrogen chemical shifts of dimethylanilines vs.
photoelectron ionization potentials and differences. The upper scale
represents the 73 ionization potential, while the lower gives the dif-
ference between the 72 and 74 ionization potentials.

position decreases AIP progressively, and a plot of én vs. AIP
yields a straight line with a least-squares correlation coeffi-
cient of 0.97 and a slope of 20.6 ppm/eV (Figure 5, lower scale,
dotted line). Similarly, oy correlates® moderately well with the
75 ionization potential, correlation coefficient = 0.95, slope
= 20.2 ppm/eV.25 While the correlations displayed in Figure
5 suggest that both the AIPs and the nitrogen shifts reflect the
same changes in nitrogen lone-pair delocalization, it may not
be immediately apparent why the correlation should be nearly
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linear. This derives, however, from the relationship between
the nitrogen 2p—-r interaction and the C=N 7 bond order,
whose role in influencing the nitrogen shifts was summarized
above. Hence, preponderance of these factors may account for
the high linearity exhibited.

The progression of IPs also rationalizes the upfield shifts
in the series aniline — la. Evidently, increasing methyl sub-
stitution reduces lone pair interaction with the ring. The in-
fluence is larger on ry, which has the higher lone pair char-
acter. This may reflect an increase in the energy difference
between the hypothetical nitrogen lone pair and the benzene
b, orbitals as a function of methyl substitution. The change
in 6N parallels both AIP as well as the IP of . It is likely that
an effect of this type may also account for the nitrogen
chemical shift difference between urea and tetramethylurea,
cited above. It should also be noted that the change in AIP
displayed by 1b reflects a much larger change in 74; only with
the second methyl substitution is 7o affected. Possibly, more
extensive geometrical changes arise in the dimethylamino
group itself in 2b than in 1b.

The decrease in AIP has been correlated with the torsional
angle about the C;-N bond, with values (55 and 69° for 1b and
2b, respectively) in good agreement with those estimated from
UV data®® and from pK, values of substituted benzoic acids.8
Changes in photoelectron ionization potentials have been
applied to geometrical studies of nitrobenzenes,? phenols,%
anisoles,% and disulfides.28 In all cases the splitting between
orbitals of appropriate symmetry is reduced when the geom-
etry is perturbed from that which optimizes orbital overlap.
Because the ionization potentials have been related to the
cosine of the dimethylamino torsional angle,%®b it is possible
to use the chemical shifts to estimate these angles for other
related compounds. Indeed, values of 5y (Table I) for 1a, 1b,
and 2b correlate (r = 0.95) with cos 8, giving a slope of —0.022
ppm~!and an intercept of 0.929. Applying these results to én
of 4 and 5, values of 77 and 80° for the torsional angles are
obtained. If the parenthesized oy values (column 2 of Table
1) are used instead, in order to partially compensate for steric
interactions in the primary amines themselves, values of 74
and 77° are obtained for 4 and 5, respectively. Since the ex-
perimental 6 values for la, 1b, and 2b are estimated to have
an uncertainty of £5°, both sets of calculated torsional angles
are in reasonable agreement with each other. It should be
noted that geometrical changes other than in the torsional
angle may be anticipated. The C-N-C bond angles are par-
ticularly susceptible to sterically induced distortion, and this
would be expected to influence the shifts. However, the cor-
relation of the nitrogen shifts with other data which are in-
terpretable in terms of torsional angle distortion makes this
structural factor highly likely to exert the major influence.
Clearly, further studies on the effects of changes in bond an-
gles on the nitrogen shifts would be welcome.

The other points deserve additional comment. In general,
to the extent that the lone pair exerts a major paramagnetic
influence on nitrogen resonance positions, its removal by
protonation is expected to result in an upfield displacement
of the nitrogen resonance position. This may be seen in the
protonation-induced changes of pyridine (—110 ppm) and
azobenzene (—150 ppm).2’ Thus the —5.4-ppm change ex-
hibited by aniline may be attributed to the compensating in-
fluence of removal of the nitrogen lone pair (upfield shift) and
generation of a positive charge. The effect of the latter is seen
in the 24-ppm downfield shift of the ammonium ion relative
to ammonia,?” which has been shown?2 to arise from a change
in the diamagnetic part of the chemical shift associated with
the presence of the positive charge. That N-methylaniline also
moves to higher field would seem to suggest that its lone pair
is comparably delocalized, while the downfield shift exhibited
by la suggests that delocalization is partially reduced. The
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larger protonation shifts displayed by the remainder of the
series are all consistent with successive attenuation of nitrogen
lone-pair delocalization. The apparent anomalous behavior
of N-methylaniline, in view of the correlation with the ion-
ization potential data, must remain without explanation.
Finally, the previously reported substituent effects on the
chemical shifts of the anilines themselves!-3 assume that ni-
trogen lone-pair delocalization is influenced only by the degree
of electronic interaction involving the substituent. It is rea-
sonable to expect that these effects will differ if the nitrogen
is sterically inhibited from conjugation. The nitrogen shift of
3 relative to 2b supports this expectation. The 1.7-ppm upfield
shift arising in the change 2b — 3 is only half that character-
izing the change 2,6-xylidine — mesidine. Preliminary results

NR, NR,
CH, CH, CHo | _cH,

CH,
R=CH; Adé=—17 ppm
R=H: Aé=— 34 ppm
with 4-substituted 2,6,N,N-tetramethylanilines reveal similar
differences.?? Further studies are in progress to characterize
this behavior.
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The a-ethynylvinyl (4), a-ethenylvinyl (5), a-cyclopropylvinyl (6), and a-phenylvinyl (7) cations have been in-
vestigated by SCF-MO ab initio methods, using both the STO-3G and the 4-31G basis sets. The cations 5, 6, and
7 are more stable in perpendicular conformations (5a, 6a, and 7a, respectively) where the interaction between the
“empty”’ cationic orbital and the HOMO of the substituent is maximized. The calculated rotation barriers around
the C*-substituent bonds are 22.2, 15.8, and 24.7 keal/mol for 5, 6, and 7, respectively, approximately half the bar-
rier in the corresponding primary alkyl cations. The efficiency of the « substituent in stabilizing the vinyl cation
follows the order CgHs > ¢-C3Hs &~ HC=CH; >» C=CH = CHj > H. The ability of the substituents to donate
electrons to the empty cationic orbital follows the order CgHs > CH=CH, > C=CH > ¢-C3H;5 > CH3 > H. No cor-
relation is found between the total charge at the cationic center or the corresponding populations of the formally
empty p orbital and the stability of the cation. The cations vinyl (2), «-methylvinyl (3), and 6 have stabilities which
are intermediate between those of the corresponding primary and secondary alkyl cations. However, the =-stabil-
ized cations 4, 5, and 7 are of comparable stability to the corresponding primary alkyl cations. Corresponding sub-
stituted ethyl cations are 12-17 kcal/mol more stable than the vinyl cations, suggesting that, for the groups exam-
ined here, substituent effects are inherently similar for alkenyl and for alkyl cations. The proton affinities of substi-

tuted acetylenes and olefins are comparable, with the olefins being 1-5 kcal/mol more basic.

Vinyl cations are by now well-established reaction inter-
mediates in solvolytic reactions.2 Despite active research in
the field over the last 10 years, very little is known about their
inherent stabilities, their structures, or their charge distri-
butions. The use of solvolysis rates to deduce the relative
stability of resulting cations is complicated by ground state
and solvation effects.2 Observation of stable vinyl cations in
superacid media has been claimed but not fully substantia-
ted.?ab Related experimental data in the gas phase are rare,
although some heats of formation are known. These are for
the parent vinyl cation (2),3¢ the propenyl cation (3),3c-¢ and
C4Hg* and C4H5* cations of unknown structure.3b

Extensive research has established that ab initio molecular
orbital calculations even with minimal basis sets are a pow-
erful, accurate, and inexpensive tool for the study of organic
molecules.* Many theoretical studies of carbocations have
been made,? but the vinylic cation family has received only
little attention, with most of the emphasis devoted to the
structure of the parent, 2.52.6 The only other a-substituted
vinylic cation which has been investigated in detail by ab initio
methods is the 2-propenyl cation 3.72 The energies of several
other alkyl-substituted vinyl cations (1, R = Et, -Pr, t-Bu)
have been reported but not discussed in detail.”> We reported
recently a systematic study of a-substituted vinyl cations 1
where R is varied along the whole series of first short period
substituents, Li, BeH, BHy, CH3, NHy, OH, and F.8 In the
present paper we use standard MO-SCF ab initio procedures
to study the effect of substituents which are frequently used
in solvolysis reactions (i.e., 1, R = ethynyl, vinyl, phenyl, and
cyclopropyl).2

H
N\ @
/C ==C—R
H
1
~y
2, R=H 5, R=CH=CH,
3, R=CH, 6, R =c-C,H, (cyclopropyl)
4, R=C=CH 7, R=C

H 6+%5

Method, Geometrical Models, and Results

Calculations were carried out at the restricted Hartree-Fock
(RHF) level using the ab initio SCF-MO Gaussian 70 series
of programs.? The structures were fully or partially optimized
using the minimal basis RHF/ST0-3G method,!% followed
by single-point calculations at the split-valence basis
RHF/4-31G level.1% This procedure has been used previously
for 26d and 3.72
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The structure of 4 was fully optimized (Figure 1). In the



