Bull Soc Chim Fr (1995) 132, 394-401
(©) Elsevier, Paris

Gas-phase basicity and site of protonation
of 4-nitroaniline and other substituted anilinest

Pierre-Charles Maria!, Ivo Leito?, Jean-Francois Gal'*, Otto Exner?, Michele Decouzon!

U Laboratoire de Chimie Physique Organique, Groupe FT-ICR,
, Université de Nice-Sophia Antipolis, 06108 Nice Cedex 2, France
< Institute of Chemical Physics, University of Tartu, EE 2400 Tartu, Estonia
3 Institute of Organic Chemistry and Biochemistry, Academy of Sciences
of the Czech Republic, 16610 Praha 6, Czech Republic

(received 18 November 1994, accepted 3 March 1995)

Summary — Contrary to previous statements, 4-nitroaniline can be protonated on the nitro group in the gas phase. This
finding follows from the Hammett correlations of gas-phase basicities (GBs) of substituted anilines and nitrobenzenes. It can
also be anticipated from AM1 calculations. By the same token, 4-cyanoaniline appears to be protonated on the cyano group,
and methyl 4-aminobenzoate on the ester group. On the contrary, 3-nitroaniline, 3-cyanoaniline, 3-nitro-V,N-dimethylaniline,
3- and 4-cyano-N,N-dimethylaniline, and methyl 3- and 4-(dimethylamino)benzoate are protonated at the amino nitrogen.
The site of protonation of 4-nitro-N,N-dimethylaniline and methyl 3-aminobenzoate cannot be deduced. The Hammett
correlation for protonated nitrobenzenes, requiring the o™ constants, draws attention to the structure of these protonated
forms. Their enthalpies of formation were estimated from gas-phase basicity measurements and are discussed with respect

to the resonance structures.

protonation equilibrium / gas-phase basicity / Hammett correlation / site of protonation / AM1 calculation

Studies of protonation equilibria in the gas phase [1-5]
are of utmost importance to correlation analysis and
the theory of substituent effects. Their evident merits
are the absence of any solvent effects, a great sensi-
tivity to substitution, and a possible extension to very
weak acids or bases. On the other hand, new problems
may arise, in comparison with solution chemistry, with
the site of protonation in basicity studies or the site
of deprotonation in acidity studies. Aromatic bifunc-
tional derivatives were investigated in extended series
[1] and the equilibrium constants were correlated with
the substituent constants. A fundamental assumption
is that the reaction site remains unchanged. However,
a benzene bis-derivative can be protonated on one of
the two functional groups or even on the benzene ring.
The last case was observed [2, 3] with derivatives bear-
ing two donor groups in the meta position; the ring
protonated cation is stabilized by conjugation with the
substituents.

In this paper, we shall focus attention on deriva-
tives with one donor and one acceptor group. The donor
group is usually more basic as in substituted anilines,
which represent a typical family. The mutual interac-
tion then causes the basicity of the donor to decrease,
and that of the acceptor to increase. In certain cases,
the order of basicity may switch over. For instance, in

nitro-substituted anilines or N,N-dimethylanilines, the
amino group would be expected to be the most basic ac-
cording to the basicity of monosubstituted derivatives.
However, a reversal is not excluded, particularly in para
derivatives in which the mutual influence is greater.

We expected that at least some of these problems
can be resolved within the framework of correlation
analysis. For a derivative ACgH4B, this approach re-
quires us to investigate two reaction series, XCgH4B
and ACgH X, where X is a variable substituent, itself of
weak basicity compared with A or B. From correlations
of the gas-phase basicity (GB) with suitable empirically
selected substituent constants, GB can be predicted for
protonation into both AC¢HyBH' and HYACsH,4B. A
comparison with experiment can then be decisive. In a
thorough analysis of gas-phase substituent effects [1],
GBs were correlated by a multiparametric relationship
(eq 1), including field/inductive (F), resonance (R), and
polarizability («) constants.

GB = GB® + ppop + pROR + Pala (1]

The last term was often insignificant (p, ~ 0). Fur-
thermore, one of three different sets of values can be
introduced for og; they are denoted cr%, ag , and op.
Taking into account the complexity of eq [1], the pre-
dicted values may become less dependable. We assumed
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Table I. Gas-phase basicities (GB in kJ mol™', 298 K) of some substituted anilines, experimental and estimated for the
protonation on either side.

Compound Substituent  GBZ,, GB (Hammett) GB (AM1) GB (AM1) corr®  Site of protonation®
X NRoH* XH* NR,HT XH* NR.H* XH* Hammett AM1
Anilines XCe HyNH,
1 4-NO2 833.5 798 837 792.1 814.6 780.2 827.2 NO2 NO.
(785.4]°
2 3-NO2 811.3% 804 781 805.8 774.7 793.9 787.3 NH- ?
[797.1]°
3 4-CN 830.1¢ 807 830 822.3 829.1 810.4 825.5 CN CN
[803.8]¢
4 3-CN 807.1 811 791 828.2 804.0 816.3 800.4 NH, ?
(809.6]°
5 4-CO2Me 857.7 822 859 830.9 856.7 819.0 865.6 COzMe (CO2Me)
(858.6)
6 3-CO2Me 839.6¢ 828 829 842.9 827.0 831.0 835.9 ? ?
[840.2}
N, N-dimethylanilines XC¢Hy NMe,
7 4-NO, 865.3 856 855 804.3 825.2 838.6 837.8 ? ?
(852.7)4
8 3-NO; 864.0 860 781 819.2 782.1 853.5 794.7 NMe, (NMez)
(863.5]1
9 4-CN 859.4 860 842 833.3 836.4 867.6 832.8 NMes NMez
(865.1)
10 3-CN 864.4 865 792 835.3 809.7 869.6 806.1 NMez NMes
(870.8)¢
11 4-CO2Me 888.3Y 876 865 841.6 864.9 875.9 873.8 NMez ?
(883.8)/
12 3-COzMe 897.0 881 829 R53.7 834.1 888.0 843.0 (NMez) (NMez)
(894.3)4
Compounds for comparison
PhNH 847.3 859.2
PhNMe, 901.2 366.9
PhNO, 776.6 764.0
PhCN 787.8 791.4
PhCO:Me 824.2 815.3

® Ref [7] unless otherwise noted.

® Corrected empirically according to the comparison of calculated and experimental values for the pertinent mono-derivative.

¢ The site of protonation is considered as “determined” if the disagreement for the correct structure, §, does not exceed 5-10 kJ mol™ 1 (in
any direction) and if the prediction for the incorrect structure is lower by at least 30 ; between parentheses, less reliable determinations
if the difference between the two calculated values is at least 15 kJ mol ™! (irrespective of the experimental value).

 This work.

¢ Obtained from relative values, respective to aniline, calculated ab initio at the STO-3G level [18].

¥ Calculated according to eq 1, using p and o values given in ref 1.

9 Attention is drawn to 11 in ref 7 with the mention “this compound given twice in 86Taft”. Two GB values (897.0 and 888.3 kJ mol ™)
are reported therein. The latter corresponding to that is given by Taft and Topsom in ref 1 is retained here.

that meaningful results could be obtained with the sim-
ple Hammett equation (eq 2) which can be directly rep-
resented by a linear plot (see for instance reference 4).

GB = GB® + pom 2]

Nevertheless, even with this equation, one must de-
cide which of the possible types of constants [6] is ap-
propriate : op, a: or o, . For this purpose, the set of
substituents X must inclpude strong donors or strong ac-
ceptors in the para position.

An alternative, more direct, procedure would be

Using eq [2], we reexamined the 12 aniline deriva-
tives listed in table I. Their GBs were mostly known
[7]. For three additional compounds, we report equilib-
rium measurements by Fourier transform ion cyclotron
resonance (FT-ICR). Further measurements were nec-
essary to establish the Hammett plots for substituted
nitrobenzenes and benzonitriles. As a second approach,
we used semiempirical AM1 calculations [8]. We calcu-
lated both the enthalpy and entropy of protonation on
cach group and compared the corresponding Gibbs en-

the correlation of the GB values with GBs of another
reaction series in which the site of protonation is not
variable. However, suitable data are seldom available.

ergy with experiment. The AM1 approach was recently
found to be satisfactory for problems of a similar kind
[9. 10}.
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Table II. Experimental gas-phase basicities (in kJ mol™!) of substituted anilines and

auxiliary compounds.

B Ref AGB(338 K)° GB(B)®
n-PrCO;Me +6.71+0.2
Et,CO +13+0.2
t-BuCOMe -38+0.1 811.1
3 (#-Pr)2.CO +7.7+£0.1
(¢-Pr)2. O +1.1£05
PhCOMe +0.4+£0.2 830.1
6 (n-Pr),S +6.2+04
pyrrole +1.9x+0.6 839.6
1,3-Dinitrobenzene MeCHO +0.6+1.0
MeCN —6.3 748.2 (746.8)°
3-Chloronitrobenzene HCO;Me +3.5+0.1
EtCHO +2.8+0.1 761.3
4-Nitromethoxybenzene t-BuCOMe +1.3+0.1
¢-PrCO;Me +1.3+0.1 816.4
4-Methylbenzonitrile MeCO;Me +7.2+0.1
cyclopentanone +1.8+0.1
MeCOEt +1.0+£0.1
tetrahydrofuran —-1.8+0.1 802.7
4-Chlorobenzonitrile HCOzEt +6.9 + 0.2
t-BuCN +3.1+£0.1
1,4-dioxane +2.5+0.2
c-PrCN ~-1.8+04 782.0
4-Methoxybenzonitrile cyclohexanone -03+£0.1
c-PrCO2Me -1.0£0.1
t-BuCOMe -13+0.1 813.1

% Gibbs energies for the reaction BHT + Ref = RefH' + B; quoted uncertainties correspond to the

standard deviation for 3 or 4 measurements.

b Absolute Gibbs energies of basicity (BH+ — B + H™) referenced to the literature GB (298 K)
data [7] for the reference compounds (Ref) (no temperature correction).
¢ A statistical correction (— RT In 2) has been applied. This data is to be used in correlation analysis.

Experimental section

The substituted benzonitriles were described in a previous
paper [11]. The remaining compounds were of commercial
origin (Aldrich or Fluka).

Proton transfer equilibria were monitored by FT-ICR as
previously (9]; details of this technique have been described
elsewhere [12]. The results are listed in table II. With proto-
nation of nitrobenzenes, a technical difficulty was the pres-
ence of strong peaks due to the protonated molecules of the
corresponding nitroso compounds and anilines, increasing
with the reaction time. Since the purity of starting com-
pounds was reexamined by gas chromatography, the only
reasonable explanation is a reduction of nitro compounds in
the inlet system by an unidentified mechanism. Nevertheless,
the precision of the results was acceptable, as follows from
the consistency of individual experiments shown in table II.

The AM1 calculations were carried out using the MOPAC
package, version 6.0 [13], on a 486 DX50 personal com-
puter. Calculations were performed on the neutral, and pro-
tonated forms, starting from standard bond lengths and
bond angles. All geometries were fully optimized by mini-
mizing the energy with respect to geometrical variables with-
out symmetry constraint, using the keywords PRECISE and
GNORM = 0.0 for a better precision. In the final structures,
no negative vibration frequencies were disclosed.

The calculated enthalpies of formation and entropies were
combined with A H° (HF, g, 298.15 K) = 1 536.246 kJ mol ™ *
[14] and S° (H™, g, 298.15 K) = 108.946 J mol™! [15]. The
results are listed in table 1.

Hammett correlations were carried out graphically since
the number of points and the low accuracy do not allow an

efficient statistical treatment. All correlations are shown in
graphs (figs 1-6).

Results and discussion

The substituted anilines with a questionable site of pro-
tonation are listed in table I. In each case the experi-
mental GB can be compared with the values anticip-
ated for the respective sites of protonation as estimated
both from the Hammett correlations (columns 4 and
5) and AM1 calculations (columns 6 and 7). The latter
disagree, sometimes considerably, as far as the abso-
lute basicity is concerned. Hence, an empirical correc-
tion was obtained by calculating the difference between
GB(AM1) and GBeyy, for the pertinent monofunctional
compound. This difference is then subtracted from the
GB(AML1) of the disubstituted derivative protonated on
the appropriate function. The corrected values are given
in table I, columns 8 and 9.

From the point of view of mathematical statistics, the
problem is to decide between two hypotheses on the ba-
sis of one measured quantity. This is not always trivial
[16]. In our particular case, there is still a strict con-
dition that the accepted hypothesis must give a higher
predicted GB than the rejected alternative. We have
preferred a simple, rather arbitrary treatment. A hy-
pothesis is considered as proven when the calculated
value differs from experiment by a value é, not exceeding
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Fig 1. Determining the site of protonation of 4- and 3-nitroanilines. Left : GB of substituted anilines vs o constants; right :

GB of substituted nitrobenzenes vs ot
from ref 7 and this work.

10 kJ mol™! (in any direction) and the rejected alter-
native is lower (weaker basicity) by at least 346. Table I
reveals nine such cases for the Hammett correlations
and four for AM1 calculations. With a lower degree of
reliability, we can be satisfied with an estimate of which
group is more basic, regardless of the agreement with
experiment. In this case, the difference between the two
calculated values may be at least 15 kJ mol~! (table I.
the decisions given in parentheses).

In general, AM1 appears to be less efficient than
the Hammett correlations. Most important is the fact
that there is no disagreement between the two methods
in any single case. Two cases remain unresolved, com-
pounds 6 and 7, and the following compounds deserve
discussion.

4-Nitroaniline 1

From ionization energies and metastable dissociation
spectra, Rolli and Houriet [17] came to the conclusion
that protonation occurs at the amino group. This was
also assumed in STO-3G calculations [18]. However, in
standard tables [7] the site of protonation is not defined.
A plot of GBs of substituted anilines [7] vs ¢ constants
[6] contains few points and exhibits some scatter with
the point for 4-NOy deviating very distinctly (fig 1, left).
One reason for the scatter could be heterogeneity of
data obtained by two techniques (2, 3] differing in tem-
perature and pressure. The use of ¢ and not o™, con-
stants does not follow from fig 1, and is substantiated
only subsequently with respect to figure 4. The second
plot, GBs of substituted nitrobenzenes vs o [6], must
be restricted to weakly basic substituents (fig 1, right).
Nevertheless, the extrapolated value for substituent
4-NH;, agrees reasonably well with the experiment (fig 1.
table I). When evaluating this agreement, we must take
into account that the o+ value for 4-NH; [19] is rather
uncertain. Even so, the conclusion that 4-nitroaniline
is protonated on the nitro group is safe. This is also
strongly supported by AMI1 calculations (table I).

constants, the pertinent experimental values in the middle; all experimental data

4-Cyanoaniline 3

This compound has not been investigated experimen-
tally to date, but in the STO-3G calculations, pro-
tonation at the amino nitrogen was assumed as self-
evident [18]. According to figure 2 and AM1 calculations
(table I), there is no doubt that it is protonated on the
cyano group. In the plot of GBs of substituted ben-
zonitriles (fig 2, right), a problem may arise of whether
the ¢ or ¢ constants are more appropriate. Evidently,
the best solution is the Yukawa-Tsuno approach [5, 20],
using values intermediate between o and ot according
to eq 3 where ¢ and ot only differ for para substituents.

GB = GB? + plo +r(ot ~0a)) 3]

Our data allow the p constant (the slope of the
straight line in fig 2, right) to be determined with
some reliability on the basis of acceptor substituents.
However, r can be estimated roughly on the basis of two
substituents, 4-CH3z and 4-OCHj3. We used the estimate
r = 0.6. Let us stress that this value is not critical for
a safe determination of the protonation site.

4-Nitro-N . N-dimethylaniline 7

By the same token, this compound was believed to be
protonated on the amino nitrogen, as is the case for
4-nitroaniline [17]. However, it was not included in
a correlation of GBs of 4-substituted N,N-dimethyl-
anilines [1] with o constants, based on eq [1]. A sim-
ple Hammett plot (fig 4, left) gives quite a satisfac-
tory result and use of a three-term equation is not
substantiated in this case. Note that this correlation is
much more reliable than that for substituted anilines in
figure 1, due to a greater number of available data [1].
Figure 4 is also decisive for using the o and not ¢~ con-
stants (see the substituent SO,CF3). For this reason
the normal o constants were used even in figure 1. Any
decision regarding the site of protonation of 4-nitro-
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Fig 2. Determining the site of protonation of 3- and 4-cyanoanilines in a similar way as in figure 1. In the plot for substituted
benzonitriles (right), the Yukawa-Tsuno equation (eq 3) was used with r = 0.2, the horizontal lines show the distance between
op and ag values ; experimental data from refs 1, 7, 24 and this work.
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Fig 3. Determining the site of protonation of methyl 4- (or 3-) aminobenzoates in the same way as in figure 2 with » = 0.2
for substituted methyl benzoates; experimental data from refs 1, 7 and this work.

N,N-dimethylaniline is not possible either from Ham-
mett plot or from the AM1 calculations (table I). Since
the correlation for substituted N,N-dimethylanilines
(fig 4, left) seems rather dependable, we prefer the
more reliable hypothesis that the source of uncertainty
is the imprecise value [19] of ot for the substituent
4-N(CHjs)o. In this case, protonation would occur on
the nitro group. Note that in 4-nitro- N, N-diethylaniline
the nitro group is also the site of hydrogen bond basicity
[21].

Methyl 4-aminobenzoate 5 and 4-(dimethylamino)
benzoate 11

These compounds were treated in the basicity studies
as essentially different : the former as a substituted
methyl benzoate, protonated on the ester group |1, 5};

the latter as a substituted dimethylaniline protonated
at nitrogen [1]. These assumptions are confirmed from
figures 3 and 6. From these figures, we estimated the
Yukawa-Tsuno parameter r as equal to 0.2. When the
NH; group was not present, the OCHjs group was of
decisive importance. From a different set of compounds,
an estimate of 7 = 0.45 was obtained [5]. This mainly
proves the low accuracy of this parameter, but does
not reverse the resulting determination of the site of
protonation. The AM1 calculations were less efficient
in this case.

Methyl 3-aminobenzoate 6

This compound has not been investigated, either exper-
imentally or theoretically. The two Hammett plots yield
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Fig 4. Determining the site of protonation of 4- and 3-nitro- N, N-dimethylanilines in the same way as in figure 1; experimental

data from ref 1, 7 and this work.

practically the same prediction of GB for the two poten-
tial sites of protonation. The AM1 calculations suggest
protonation on the ester group, but the difference is not
sufficient according to our criteria.

Concerning the Hammett correlations

The Hammett correlations shown in figures 1-6 can also
yield some new insights from the values of their slopes,
some significant deviations and application of dual ¢
constants, etc. Using the presently available data, we
shall discuss only the values of r in the Yukawa-Tsuno
treatment, eq [3]. The values of 0.2 or 0.6 for substi-
tuted methyl benzoates or benzonitriles, respectively,
are clearly explained in terms of resonance formulas
A and B of the cation (“through resonance”). This
resonance is evidently much stronger than in neutral
molecules, C and D, where charge separation takes
place.

N@
OCH3 rﬁ,H OCH3 (I:I
XN Hy ;; ; ®N Hy
C D

However, we do not see any obvious reason why the
T constants are necessary for substituted nitro ben-
zenes (figs 1 and 4, right), corresponding thus to the
value 7 = 1. The resonance represented by the formulas
E « F should not be much stronger than in neutral
molecules, H « J. The latter is very weak in the gas
phase [22], as also follows from using normal ¢ con-
stants in the plots for substituted anilines (figs 1-3) and
N,N-dimethylanilines (figs 4-6). Recently, the preferred

explanation [11, 23] was that the nitro group itself is
only slightly conjugated with the benzene nucleus. The
stability of compounds like 4-nitroaniline is due to the
strengthened conjugation of the amino group; the nitro
group merely contributes by its inductive effect (formu-
las G and K). In terms of this theory, it is somewhat
more understandable from the charge distribution that
structure G is more important than K.

o @ on D @ LOH 0 @ _OH
H, ONH,
E F G
9
\\N/
NH, ®ONH,
i J K

In an attempt to give these considerations a more
quantitative character, we calculated a rough estimate
of the resonance energy by reference to meta deriva-
tives, using the classical approximation stating that the
inductive effect is equal in the pare and meta positions
[24]. The reaction enthalpy for the isomerization reac-
tion, eq [4], is obtained directly from the heats of for-
mation [25]. For egs [5-7] it was obtained by thermody-
namic cycles from the gas-phase basicities. For certain
processes it was necessary to use the values estimated
from Hammett correlations (table I) when the respec-
tive reactions are not experimentally accessible.
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Fig 5. Determining the site of protonation of 3- and 4-cyano-N,N-dimethylanilines in the same way as in figure 2.
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Fig 6. Determining the site of protonation of methy! 4-(dimethylamino)benzoate and methyl 3-(dimethylamino)benzoate in

the same way as in figure 3.

3—OQNCGH4NH2 — 4-02NC6H4NH2
AH = -9 kJ mol~! [4]

3-02NC6H4NH§ — 4-O;NCgH4NH7
AH = -3 kJ mol™! 5]

3-HO;NtCgH4NH2 — 4-HO,N*+CgH4NH,
AH = —59 kJ mol™! (6]

3-HOCOCgH4NH,; — 4-HOCOCgHNH,
AH = -5 kJ mol™! (7]

3-~OCOCgH4NH,; — 4-~0OCOCgH4NH,
AH = -3k mol™'  [g]

In spite of these uncertainties, it is evident that
the differential inductive effect is negligible (eq 5), and
that resonance is rather weak in the neutral molecule
(eq 4), and very strong in the protonated form (eq 6).

Comparison can be made with aminobenzoic acids,
which are isoelectronic with E, while their anions are
isoelectronic with H. The resonance energies revealed
in egs (7] and [2] are small, and almost disappear in
experimental errors [26]. The large value in eq [6] is
without comparison.

The resonance should also appear in the bond
lengths. The AM1 calculations always yield too short
C-N bond lengths (by 0.02 to 0.04 X (1A =01 nm)
compared with the experimental values in the crystal
[27]), but suggest a rather strong resonance : these
bonds appear to be shortened upon protonation by
0.05 A in nitrobenzene, 0.07 A in 1 and 0.08 A in 7. In
our opinion, the structure of protonated nitrobenzene
and its derivatives remains not completely understood.
An interesting suggestion is that the nitrogen atom can,
in certain cases, allocate more than eight electrons [28].
This could partly explain the unexpected contribution



of the structures F and G to the actual electron distri-
bution.

Conclusions

The results presented here may appear as surprising
when one thinks in terms of solution chemistry. In the
gas phase, the site of protonation should be examined in
every case. Some literature reports and/or assumptions
inherent in the correlations of basicity may be in error
(see compounds 1, 3 and 7).

Concerning the methods used, we can state that
the knowledge of the true site of protonation, which
is so important in correlation analyses, can often be
obtained within the framework of this discipline. This
approach is at least as efficient as quantum chemical
calculations on a semiempirical level. Note that several
cases remain undecided (for instance, compound 12),
for the reason that the two basicities predicted for each
potential site of protonation are almost equal. In this
case a mixture of comparable amounts of two cations
would be produced under equilibrium conditions. These
cases do not introduce any problem in the correlation
analysis. When the two predicted values are almost
equal, the experimental value can be used in any of the
two correlations without any significant error.
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