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ABSTRACT: We have expanded the repertoire of cation−π interactions to include a
carbocation−π system resulting from the protonation of a π-stacked para-quinone methide
(p-QM). This unusual carbocation is stabilized by a combination of partial aromatization
of the QM moiety and through-space interaction with the π-system of the adjacent
aromatic ring. Single crystal X-ray analysis of the protonated form reveals a structure
consisting of a hydrogen-bound complex involving two molecules of the precursor and one
proton.

Noncovalent cation−π interactions are of prime importance
in various areas of study such as chemistry, materials

science, and biology.1−6 Among the first recognized examples
was reported in 1981 when Kebarle et al. showed that a naked K+

ion in the gas phase binds preferentially to benzene over water.7

The nascent field soon ramified greatly to include interactions of
π-systems with other metal cations,8 ammonium salts,9,10 and
sulfonium ions,11 to name but a few examples. One region of the
wide spectrum of potential interactions remains both relatively
unexplored and interesting to usnamely, the interaction of
carbocationic centers with the π-faces of aromatic rings in
proximity (Figure 1). From a biochemical perspective, a few

intriguing X-ray structural studies of enzymatic systems suggest
that key aromatic amino acid residues play a role in stabilizing
carbocation intermediates.4,12−15 Being coordinatively unsatu-
rated, carbocations are expected to interact somewhat differently
with π-systems than ammonium cations, for example.16−19 On
the other hand, experimental examples of chemical systems that
explore the nature of carbocation−π interactions in aromatic
systems are fairly rare.20

In this note, we present an unusual carbocation resulting from
protonation at the carbonyl oxygen of a recently reported para-
quinone methide (p-QM 1, Figure 2).21 NMR, UV−vis, and

crystallographic analyses show that the protonated form is
stabilized not only by the expected partial aromatization of the p-
QM moiety, but also by a mild through-space, π−cation
interaction with the proximate aromatic ring. Single crystal X-
ray analysis revealed an interesting structure consisting of a
hydrogen-bound complex involving two molecules of the
precursor and one shared proton.
Previous studies reveal that under acidic conditions, relatively

stable p-QM’s undergo solvolysis through 1,6-addition. For
example, 2,6,7,7-tetralkyl-substituted p-QM’s undergo sponta-
neous alcoholysis when treated with acids in MeOH.22 The high
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Figure 1. Generalized aryl cation−π interactions and an example of
carbocation−π interacting system.

Figure 2. Protonation of 1, and the relative stability of the anhydrido-
protonated form at ωB97XD/6-311+G**.
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stability of p-QM 1 suggested to us that it instead would prove
refractory to discrete methanolysis under similar conditions.
Although true enough, it provided the first experimental hint of
the facile protonation of 1. A lemon-yellow solution of p-QM1 in
methanol instantly turned dark amber upon the addition of a
drop of concentrated sulfuric acid, indicative of possible
carbocation formation; even when stirred at room temperature
for 24 h, 1 was recovered quantitatively after workup. We
hypothesized that the color change corresponded to the
protonation of theQM-carbonyl oxygen rather than protonation
of an anhydride oxygen. Our hypothesis was backed by DFT
calculations at ωB97XD/6-311+G** that predicts the carbonyl
oxygen tobe themost basic site in1by a largemeasure (Figure 2).
The resultant cation 2 is also calculated to be some 35.8 and

16.4 kcal/mol more stable than the reactants for protonated
acetone and benzophenone. More importantly, calculations
predict a direct correlation between the electronic nature of the
neighboring aromatic ring and the basicity of theQMmoiety, i.e.,
the more electron rich the aromatic ring, the more basic the QM
carbonyl group, suggesting the possibility for a fruitful
carbocation−π interaction. The isodesmic relation23 (Scheme
1) was calculated to be exothermic by 3.4 kcal/mol when the

neighboring aromatic ring contains an amino group in the top
position (X = NH2) and endothermic by 2.3 kcal/mol when it
possesses a nitro group at the same position (X = NO2). Thus, a
combination of partial aromatization and delocalization of
positive charge onto the proximate aromatic ring seems to
account for the predicted basicity of 1. Interestingly, DFT
calculations (ωB97XD/6-311+G**) also predict the carbonyl
oxygen to be more basic than the aniline nitrogen of the top-
amine version of p-QM 1 by 8.4 kcal/mol in vacuum and by 2.5
kcal/mol in acetonitrile (IEFPCM solvent model) (Figure 3).
Experimentally, a variety of protic acids and solvents were

sampled in order to ascertain an optimal system for spectroscopic
characterization. Initial trial experiments revealed acetonitrile to
be the most flexible solvent for this purpose. Thereupon, we
screened acetic acid, trifluoroacetic acid and triflic acid for their
protonating ability. 1H NMR analysis of p-QM 1 treated with all

three protic acids suggests a fast exchange process in MeCN at
the carbonyl oxygenof1 at room temperature.The changes in the
proton chemical shifts of the QM moiety of 1 are moderate in
CH3COOH, intermediate in CF3COOH, whereas limiting
values are reached in TfOH (Figure 4).

When treated with only 2 equiv of triflic acid in CD3CN at
room temperature, the corresponding carbocation 2 forms
cleanly (Scheme 2). The 1H NMR (in CD3CN) clearly
demonstrates the protonation of 1 at the carbonyl oxygen. The
protons on theQMmoiety are perturbed to a greater extent (6.07
to 7.14 ppm, and 7.01 to 7.83 ppm) than the aromatic protons
(6.79 to 6.86 ppm, 7.25 to 7.32 ppm, 7.35 to 7.38 ppm, and 7.37

Scheme 1. Isodesmic Relation Comparing p-QM 1 with
Substituted Forms

Figure 3. Protonation of the carbonyl oxygen vs aniline nitrogen.

Figure 4.Behavior of aromatic andQMprotonswhen p-QM 1 is treated
with different acids in CD3CN. Doublets indicate protons on the QM
fragment and multiplets represent protons on the aromatic rings.
Bottom to top: p-QM 1, p-QM 1 with acetic acid, p-QM 1 with
trifluoroacetic acid, p-QM 1 with triflic acid.

Scheme 2. Protonation of p-QM 1
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to 7.44 ppm) (Figure 4). Similar trends are observed for both
benzylic and aliphatic bridge protons (4.84 to 5.0 ppm, and 3.59
to 4.01 ppm, respectively), the latter being affected to a greater
extent indicating their proximity to the cationic site in the
molecule (Figure 5).

Nevertheless, this apparent fast exchange in the 1H NMR
spectrum suggested that 13C NMRwould be more illustrative, as
chemical shifts could be more accurately calculated for
comparison. The 13C NMR resonance of the QM carbonyl
group shifts upfield to 149.4 ppm, which is in agreement with the
calculated 13C NMR value for this carbon (calc. 149 ppm at
B3LYP/6-311++G**; see Supporting Information). Con-
versely, the trisubstituted alkenyl, now a trisubstituted alkyl,
carbonmoves strongly downfield (204 ppm), consistent with the
calculated 13C NMR resonance value for this carbon (calc. 202
ppm at B3LYP/6-311++G**). The 13C chemical shifts of the
nearby aromatic ring are affected as well, albeit to a lesser extent.
13C NMR spectra of 1 in the presence of HOAc and TFA are
slightly changed, but only in the presence of TfOH are
substantial, limiting shifts comparable to calculation noted.
Taken together, the chemical shift data point to protonation by
TfOH to form 2, wherein partial aromatization of the QM
moiety, and modest delocalization of charge on the proximate
aromatic ring through a π-interaction focused at carbon 7 occur.
p-QM 1 exhibits two absorptionmaxima at 281 and 337 nm in

theUV−vis spectrum (MeCN); in contrast, cation 2 shows three
absorption peaks at 283, 339, and 417 nm (Figure 6). The new
absorption in the visible region can be accounted for by
preferential lowering of the primarilyQM-centeredLUMOupon
protonation at the QM carbonyl group.
Another illuminating piece of data was provided by X-ray

crystallographic analysis. Interestingly, the unit cell contains
cation 2 stabilized by hydrogen bonding to other QM carbonyl
oxygen atoms (Scheme 2 andFigure 9). Changes in bond lengths
(e.g., the C1−C2 bond attached to the p-QM carbonyl shrinks
from 1.457 Å in the p-QM 1 to 1.431 and 1.433 Å in the QM

molecules sharing the proton and 1.431Å in the independent half
protonated QM upon protonation) and interatomic distances
are also consistent with partial aromatization of the QM moiety
and some through-spacedelocalizationof charge (approachofC7
to the adjacent aromatic ring carbons changes from 2.894, 2.939
Å in the parent p-QM 1 to 2.842, 2.860 Å and 2.866, 2.860 Å in
the QMs sharing the proton and 2.857, 2.864 Å in the
independent half protonated QM molecule).
The crystallographic analysis of a single unit also shows the

existence of one and a half triflate ions that carry an overall charge
of −1.5. The data were consistent with the existence of two
electron density peaks, carrying an overall charge of +1.5
representing the twoprotons found near the carbonyl oxygens on
the QM fragments. One of those peaks is found approximately
equidistant fromO4A andO4C, which suggests that oneH atom
is shared with both O atoms (Figure 7). However, the other
proton peak is attached to O4B, which is donor to O4B* (O4B*

Figure 5. Behavior of the bridge protons when p-QM 1 is treated with
different acids in CD3CN. Protons in the region 3.5−4 ppm represent
the bridge protons near theQM fragment while those in the region 4.8−
5.1 ppm represent the benzylic bridge protons. Bottom to top: p-QM 1,
p-QM 1with acetic acid, p-QM 1with trifluoroacetic acid, p-QM 1with
triflic acid.

Figure 6. UV−vis spectra of p-QM 1 (gray) and cation 2 (blue) in
MeCN.

Figure 7.ContouredFouriermapof the proton sharedby the two p-QM
molecules (O4A and O4C represent the carbonyl oxygen atoms of the
QM moieties).

Figure 8. Contoured Fourier map of the independent hydrogen bound
proton (O4B represents the carbonyl oxygen of the QM attached to the
proton, whereas O4B* denotes the oxygen atom on QM generated by
the Mercury program).

The Journal of Organic Chemistry Note

DOI: 10.1021/acs.joc.9b00923
J. Org. Chem. 2019, 84, 8284−8288

8286

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b00923/suppl_file/jo9b00923_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.9b00923


= O atom related to O4B by one inversion center), and its
occupancy factor must be 0.5 as there would be an impossibly
short O4B−H4B···H4B*−O4B* (the starred atoms are
generated by inversion symmetry) contact otherwise. Contoured
difference Fourier maps show unequivocally the existence of
those two peaks (Figure 8).
Finally, we turned back to DFT calculations in order to

compare the X-ray structure with an optimized geometry for a
carbocation−π interaction in a system resembling cation 2 but
lacking structural constraints. DFT calculations (atωB97XD/6-
311+G**) predict that in model system A (Figure 10), the

carbocation−π interaction manifests itself similarly, although
with stricter coplanarity of the aromatic and p-QM rings and loss
of Cs symmetry (see Supporting Information for details).

■ CONCLUSION
Wehave reported the spectroscopic and crystallographic analysis
of a cation generated by the facile protonation of aliphatic p-QM
1. Both calculations and experimental data suggest that it is
stabilizedbypartial aromatizationof theQMfragment aswell as a
modest through-space carbocation−π interaction with the
neighboring aromatic ring. A single crystallographic unit contains
three p-QM molecules sharing two protons with an overall
charge of +1.5, along with one and a half triflate counterions.
Finally, this protonated p-QM provides a rare experimental
example of a simple, crystallizable chemical system that allows the
direct study of a carbocation−π interaction.

■ EXPERIMENTAL SECTION
Synthesis of the p-QM (Compound 1). Compound 1 (p-QM)

was synthesized following the previously reported method.21

Generation of the Protonated p-QM. Compound 1 (15 mg,
0.035 mmol) was dissolved in 1 mL of CD3CN in an NMR tube, and 2
equiv of trifluoromethanesulfonic acid (TfOH) were added to the tube.
The light-yellow solution immediately turned dark amber. The sample
was transferred to a vial and set aside for crystallization, which yielded
yellow crystals over a matter of days: 1H NMR (CD3CN) δ 12.5 (s,
broad) 7.83 (d, 2H, 9.3 Hz), 7.43−7.44 (q, 2H), 7.38−7.39 (q, 2H),
7.32−7.33 (q, 2H), 7.135 (d, 2H, 9.3 Hz), 4.99−5.0 (s, 2H), 4.01 (m,
2H), 1.81 (m, 4H); 13C{1H} NMR δ 204.7, 181.0, 169.7, 149.5, 139.3,
137.2, 130.1, 128.4, 127.3, 125.6, 123.0, 121.0, 120.5, 66.3, 47.8, 47.4,
22.3.
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