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ABSTRACT: This Article presents the results from studies
related to the chemistry of tricationic superelectrophiles. A
series of triaryl methanols were ionized in Bronsted superacids,
and the corresponding tricationic intermediates were formed.
The trications are found to participate in two types of reactions;
both are characteristic of highly charged organic cations. One

CF3S05H

set of reactions occurs through charge migration. A second set of reactions occurs through deprotonation of an unusually acidic site
on the tricationic species. One of the tricationic intermediates has been directly observed by low temperature NMR spectroscopy.
These highly charged ions and their reactions have also been studied using density functional theory calculations. As a result of
charge migration, electron density at a carbocation site is found to increase with progression from monocationic to pentacationic

structures.

B INTRODUCTION

During the mid-1970s, Olah proposed the concept of super-
electrophilic activation." Several published studies had previously
described the high reactivities of monocationic electrophiles in
superacidic media. This suggested that the monocationic elec-
trophiles were interacting with the acidic media to enhance their
reactivities. Thus, protonation of a monocationic species such as
the nitronium ion (1) could produce an ion with an increasing
positive charge (2, eq 1). In the limiting cases, even dicationic
species (3) are considered to be involved in the chemistry. While
many examples of dicationic superelectrophiles have been de-
scribed,” few examples of tricationic species have been studied.
Most tricationic and tetracation species are formed as resonance
stabilized ions.® Little is known about the reactivities of small
organic ions bearing such a large amount of positive charge.* In
this Article, we describe studies in which a reactive carbocation
site interacts with two adjacent cationic charges. Reactions of the
tricationic species with arenes lead to products consistent with
charge migration. Under some conditions, these reactive inter-
mediates undergo cyclizations to produce novel heterocyclic ring
systems. The tricationic intermediates are further studied by
spectroscopic and theoretical methods.
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B RESULTS AND DISCUSSION

Our studies began with an examination of the chemistry of
triarylmethanols (4—8, 14, 15) by reaction in superacidic
CF3SO3H (Table 1). The triarylmethanol substrates were
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prepared readily from reactions of the appropriate ketones or
esters with organolithium reagents. Two types of conversions
were observed, depending on whether benzene was present in
the mixture. In the presence of CsHy, alcohol 4 gives product 9 in
89% yield at 60 °C (entry 1). If the reaction was done at lower
temperatures, then the starting material was recovered. Similar
results were obtained with imidazole and benzimidazole-based
substrates (5, 7, 8; entries 2, 4, 5). When the reaction was done
with a substrate (6) bearing the 2-naphthyl substituent, nucleo-
philic attack occurred at the C-1 position of the naphthyl ring to
give product 11 in good yield. The structure of compound 11 was
established by 'H and "*C NMR spectra, mass spectrum analysis,
and X-ray crystallography.®

In the absence of benzene, reactions of the triarylmethanols
lead to cyclization products (entries 6—10). For example, com-
pound 4 reacts in CF3SO3H at 60 °C to provide the pyrido[1,2-
alindole derivative (16) in 81% yield. Benzimidazole derivatives
S, 6 also react to give cyclization products (17 and 18). In the
reaction of 6, cyclization occurs regioselectively at the 1-position
of the naphthyl ring to give product 18 (confirmed by X-ray
crystal structure).” The pyrido[1,2-aJindole derivatives 19 and
20 were formed by reactions of compounds 14 and 15, respec-
tively. Product 20 is the only major product from 15, indicating a
preference for cyclization at the pyridine ring. The vinyl-substituted
derivative (21) does not undergo cyclization in CF3SO3H; how-
ever, a low yield of cyclization product (22) may be obtained
from reaction in the stronger acid system CF3SO3;H—SbFs (ca.
10:1; eq 2). These types of cyclizations involving N-heterocycles
are not well-known, as the only other example was described by
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Table 1. Reactions of Heterocyclic Alcohols in CF3SO3H at 60 °C (with and without C4Hy)

Entry Starting material Product with CgHg Yield Entry Starting material Product without C¢Hg Yield
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Posselt (involving cyclization between a 4-methoxyphenyl group
and a pyridine or pyridinium ring).’ Nevertheless, our results
indicate that novel heterocyclic ring systems are prepared by the
superacid promoted cyclizations of the triarylmethanols.
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When triarylmethanols 23 or 24 are reacted under similar
conditions, the carbocations 25 and 26 are produced (Figure 1).
However, with benzene, no Friedel—Crafts products are formed
from the monocation 25 or dication 26. With simple heating to
60 °C (no benzene), cyclization products are also not obtained.”
Compound 4 generates the tricationic intermediate 27 in heated
superacid. Thus, trication 27 exhibits enhanced reactivity as
compared to 25 and 26. When substrate 4 is reacted with sub-
stituted arenes, product formation (28—30) occurs with good
regioselectivity. Reaction of compound 4 with toluene in CF;-
SO;H gives 28 as the major product, isolated in 72% yield. Gas
chromatography analysis of the crude product mixture indicated
a para,ortho/meta ratio of about 10:1. A competition experiment
was also done with substrate 4 in a CF3SO3;H-promoted reaction
with toluene/benzene (1/1 ratio). Analysis of the product mixture

showed high selectivity for the toluene with k/k;, of about 30:1.
Similar results are obtained from reactions of 4 with bromo-
benzene and 4-(3-phenylpropyl)pyridine. Products 29 and 30
are formed in good yields with high regioselectivities.

In addition to arene nucleophiles, we also attempted to capture
the electrophilic intermediate(s) with n-type nucleophiles, in-
cluding carbon monoxide, fluoride, and water. Although carbon
monoxide often reacts efficiently with carbocationic intermediates,®
no adducts of this nucleophile could be isolated in reactions with
4 in superacid. When compound 4 is reacted in CF;SOsH and
KHEF, is added, then fluoride adduct 31 may be isolated in 51%
yield (eq 3; compound 4 is also recovered). Interestingly,
nucleophilic attack occurs at the methine carbon rather than at
the ring carbon. A similar reaction of 4 with CF3SO;H, followed
by water, leads to formation of the starting material 4, rather than
functionalization at the remote position.

OH 1. CF3S03H, 60°C F @)
X N oo Y X
| | 2. KHF, | |
~N N~ ~N N~
4 31 51%

In our mechanistic studies, the intermediates and transition
states were studied using density functional theory (DFT).
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Geometries for these structures were initially optimized in the
gas phase at the M06/6-31G(d) level of theory” using Jaguar.'
Gibbs’ free energy corrections (AG) were calculated, and struc-
tures were verified to be minima or transition states by inspection
of the number of imaginary frequencies. In a second step, single-
point energies of the optimized structures were calculated using
MO06/cc-pVTZ(-f),""'* giving a basis set correction term (ABS).
In a final step, solvent phase geometry optimizations were done.
Using a Poisson—Boltzmann solver as implemented in Jaguar,?
electrostatic solvation effects from the surroundings were calcu-
lated using the SCRF method with CF3;SO;zH as a solvent (di-
electric constant = 77.4, probe radius = 2.5985274)."* The free
energy (AG) and basis set correction terms (ABS) were added to
the solution phase energy. NMR chemical shifts were calculated
using B3LYP/IGLO-II as implemented in Gaussian 03,15717 on
MO06/6-31G(d) gas-phase optimized structures with benzene set
to the experimental value of 127.7 ppm as the NMR reference.
NBO charges were calculated using NBO 5.0 as implemented in
Jaguar."® To verify that the M06/6-31G(d) compounds were
able to properly describe the 0- and 7T-complexes, tests were also
performed using B3LYP-DCP/6-31+G(d,p), a dispersion-cor-
rected DFT method,'”?° resulting in optimized structures similar
to those with M06/6-31G(d).

23, X=CH
24, X=N

CRSOgH _ .
Tec [ Y
NHHN
+ o+
27

28, R = CHg, 72%
29, R = Br, 85%

30, 90%

Figure 1. lonization products (25—27) and Friedel—Craft reaction
products 28—30.

In considering the mechanisms of the reactions, we propose a
mechanism involving formation of tricationic intermediates with
highly delocalized carbocation centers and equilibria with a dica-
tionic species from deprotonation. The alcohol substrates (4—8)
react with benzene in the superacid, and nucleophilic attack oc-
curs at the remote position on the aryl substituent group (Figure 2).
Thus, compound 4 ionizes in superacid, and loss of water pro-
duces the tricationic superelectrophile 27. With formation of the
carbocation 27, positive charge is highly delocalized into the
adjacent phenyl ring. Nucleophilic attack occurs at the remote
position on the phenyl group to give intermediate 32, when ben-
zene is present in the reaction mixture. Several examples of charge
migration and remote functionalization have prev10usly been
reported involving dicationic superelectrophiles.*"

Product 31 is formed by fluoride attack at the methine carbon,
suggesting that some positive charge remains at the methine center.
This raises an obvious question: why would the n-type nucleo-
philes (fluoride and water) react at the methine carbon while 7-
type nucleophiles (benzene and substituted arenes) react at the
remote para-position of the phenyl group? First, there is likely
some degree of steric effects influencing the regiochemistry of
nucleophilic attack. Nucleophilic attack at the methine carbon
(by benzene) would form the highly congested tetraarylmethane.
Second, formation of the s7-complex may enhance charge se-
paration (Figure 3). Formation of the toluene 7-complex (33a),
and subsequent Wheland intermediate or o-complex (34a), ef-
fectively moves the positive charge away from the pyridinium
rings. Density functional theory (DFT) calculations were done
(vide infra) and showed the toluene ring bears +0.62 charge in
the 77-complex (33a) and +0.97 charge in the 0-complex (34a).
In the case of toluene, steric effects in the 77-complex may also be
important in the high para selectivity.”

Although high positional selectivity is often due to a large
energy barrier between the 77-complex and o-complex,” this
does not appear to be the case with 33a and 34a. DFT calculations
have indicated that the sT-complex resides in a very shallow
potential energy well, as small perturbations in structure 33a
easily lead to formation of the o-complex 34a as found by DFT
geometry optimizations. In the competition experiment, high
substrate selectivity was observed (ki/ky ~ 30:1). This value
likely reflects the relative stabilities of the o-complexes with ben-
zene and toluene.”> When the 7- and o-complexes are examined,
the o-complex from toluene (34a) is 7.9 kcal mol " more stable
than the 77-complex from toluene (33a), while the 0-complex
from benzene (34b) is only 4.6 kcal mol " more stable than its 7z-
complex with benzene (34a).

In reactions of compound 6, products 11 and 18 were formed.
While charge migration occurred into the napthyl ring system, it
did not delocalize to the most remote position (across both
rings). lonization of the benzimidazole rings and the hydroxy
group leads to trication 35a (eq 4). Formation of product 11

H_ Ph

_3H CGHS | 2 H*
-HZO X I X ———
/NHHN /NHHN = _NHHN__~

+ +

32

Figure 2. Proposed mechanism for the reactions of trication 27, leading to product 9.
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Relative energy,
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Relative energy,
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Figure 3. Relative energies of Wheland- and 7z-complexes with toluene (33a, 34a) and benzene (M06/6-31G*-optimized structures, 33b, 34b).

Table 2. Observed '>*C NMR Data from Isoelectronic Carbocations 25—27 and Calculated '>*C NMR Data for 25—27 and 36,37"

13C NMR data from

Calculated '3C NMR data:

A,B,C,D Structure Charge FSO3H-SbF5-SO,CIF C-methine, C-ipso, C-ortho, C-meta, C-para
CH, CH, CH, CH 258 1+ 211.6 (C+), 144.1,143.3,140.6, 131.1 205.1, 138.3, 142.2, 129.5, 144 4
NH*, CH, CH, CH 26 2+ 192.7 (C+), 149.9, 148.4, 145.2, 144.1, 184.3, 136.5, 144.3, 134.7, 157.0
A * D 137.9, 137.8, 133.0, 132.1, 132.1
N
L\ |J NH*, NH*, CH, CH 278 3+ 176.8 (C+), 169.4, 150.8, 149.6, 148.2, 176.0, 138.7, 145.8, 141.9, 178.2
B C.~r 141.2, 140.3, 139.4, 137.2, 135.6
NH*, NH*, NH*, CH 36 4+ 150.2, 149.0, 146.0, 148.9, 201.2
NH*, NH*, NH*, NH* 37 5+ 125.8, 165.0, 143.9, 155.7, 231.0

“(a) Spectrum taken at —60 °C. (b) Spectrum taken at 0 °C.

occurs by nucleophilic attack at the 1-position of the naphthyl
group. This implies a greater contribution from resonance struc-
ture 35b, instead of structure 35c (the structure with greater
charge separation).

HaG
N

Haq ,CHa Hac\ [ (,:HB
N 1 I_N > N : N
i i
Q/NH HN\Q ®/NH HN\© @
+ + + +
352 35hb

5

)

|
HN

CHy
N “

To gain further insight into these reactions, low temperature
'3C NMR experiments were done. Compound 4 was ionized in
FSO3H—SbF;—SO,CIF at —60 °C, and the observed spectrum
is consistent with the formation of the tricationic species 27
(Table 2). For comparison, the DFT calculated spectrum of
trication 27 is in reasonably good agreement with the results
from solution (for complete assignments of '*C signals, see the

I

NH

+ o+
35¢

Supporting Information). It is notable that the para and ortho
carbons are significantly deshielded. This is consistent with the
charge delocalization driven by charge—charge repulsive effects.
The dicationic ion 26 and the trityl cation (25)** were also
studied in solution by low temperature '*C NMR, with compar-
ison to calculated spectra. Interestingly, the chemical shift at the
methine carbon moves progressively downfield from the mono-
cationic trityl cation (25), to the dication (26), and to the
trication (27). This is an indication that charge delocalization be-
comes enhanced with increasing charge. The tetra- and penta-
cationic structures (36, 37) were also calculated, and the results
show further deshielding of the para-position and shielding of the
methine carbon. While the trityl cation has a calculated chemical
shift of 0 144 at the para position of the phenyl ring, the pentacation
37 has a calculated chemical shift of 0 231 at the para position of
the phenyl ring.

As a measure of charge delocalization in these systems, natural
bond order (NBO) charges, bond lengths, and dihedral angles

were analyzed from the calculated structures. In a series of related

13172 dx.doi.org/10.1021/ja2046364 |J. Am. Chem. Soc. 2011, 133, 13169-13175



Journal of the American Chemical Society

Table 3. Calculated Properties of Isoelectronic Ions 25—27 and 36,37

NBO charge
structure charge C-methine C-para dihedral angle, 0 C—C bond length (methine-ipso), A
25 1+ +0.24 —0.15 33.2° 1.441
26 2+ +0.15 —0.10 31.1° 1.429
27 3+ +0.12 0.00 24.0° 1.402
36 4+ —0.01 +0.10 19.5° 1.394
37 S+ —0.14 +0.20 11.2° 1.391

Relative
energy,
kecal/mol:

Figure 4. Calculated structures related to the cyclization of trication 27.

structures, *C NMR chemical shifts may be roughly correlated
to charge densities.”* Down field chemical shifts (or deshielding)
often correspond to electron-deficient carbon atoms.*® Within
the isoelectronic series from the trityl cation (25) to the penta-
cation (37), experimental and calculated NMR spectral data
suggest that the carbocationic center moves progressively from
the methine carbon to the para position of the phenyl ring. The
calculated NBO charges also show this trend (Table 3). Re-
markably, there is almost a complete transfer of positive charge
from the methine carbon to the para-carbon. The methine carbon

carries a +0.24 NBO charge in the trityl cation (25) and a —0.14
NBO charge in the pentacation (37), while the para-carbon
carries a —0.15 NBO charge in 25 and a +0.20 NBO charge in 37.
As the positive charge is moved to the para position, there is also
increasing double bond character between the methine carbon
and the phenyl ring. This is apparent from the decreasing bond
dihedral angle (0) and C—C bond length as charge is added to
the system. Thus, the trityl cation 25 has a dihedral angle of 33.2°
and C—C bond length of 1.441 A, while the pentacation 37 has a
dihedral bond angle of 11.2° and C—C bond length of 1.391 A.
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The dihedral angle and NBO charge are strongly correlated to the
overall charge on the cationic structure. Increasing charge leads to
progressively greater positive charge at the para-carbon, while
simultaneously increasing electron density at the methine carbon
(evident from the negative NBO charges). Although it might be
expected that a carbocationic center would exhibit increasing
positive charge as neighboring groups become more electron
deficient, the opposite occurs in this case. The increasing charge
of the N-heterocycles leads to charge migration across the phenyl
ring to the remote para position (maximizing the charge—charge
separation).

As described in Table 1, compound 4 reacts in CF;SO5H to
give the pyrido[1,2-aJindole derivative (16) in the absence of an
arene nucleophile. Because ionization of 4 should provide trication
27, theoretical calculations were also done to study the cycliza-
tion of the tricationic species 27 (Figure 4). Calculations suggest
that direct cyclization of the trication 27 is unlikely, as the transition
state 38 leading to 39 is estimated to be 41 kcal/mol above 27.
The cyclized trication 39 itself is 38 kcal/mol higher in energy.
A lower energy pathway was found involving initial deprotona-
tion at the pyridinium ring, proceeding through two minima (40
and 41) and giving dication 42 in a slightly exothermic step.
Cyclization then occurs with a barrier of 9.8 kcal/mol (43), and it
gives stabilized species 44 and 45. Upon basic workup, cation 45
provides the observed product 16. Although triflate normally
would not be expected to deprotonate a pyridinium ring, the high
charge density of the trication 27 must lead to enhanced acidity
of the pyridinium hydrogen. Previous studies have shown super-
electrophiles to possess highly acidic protons.*® With trication
27, the carbocationic site cannot readily lead to a deprotonation
equilibrium, so instead the pyridinium ring undergoes deproto-
nation.

Ionization of compound 4 in FSO3;H—SbF;—SO,CIF gives
NMR spectral data that differs somewhat from the calculated
spectrum for trication 27. While experimental NMR spectra often
differ slightly from the calculated spectra, the present case may be
the result of an equilibrium between trication 27 and the dication
42. Rapid proton transfer should average the spectral data from
27 and 42, and this would account for the differences between
the calculated and experimental spectra for trication 27. As
shown in Table 2, the experimental data for the compound 4
ionization product, presumably trication 27, showed a methine
resonance at 0 176.8 and para-carbon at 0 169.4. The calculated
spectrum for 27 has a methine resonance at 0 176.0 and para-
carbon at 0 178.2. When dication 42 was studied computation-
ally, the calculated spectrum has a methine resonance at 6 179.1
and para-carbon at 0 161.6 (for a full list of peaks, see the
Supporting Information). If a numerical average is made from the
calculated chemical shift values of trication 27 and dication 42,
then an averaged spectrum should have methine resonance at
0 177.6 and para-carbon at O 169.9. These averaged values are
very close to the experimentally determined values from ioniza-
tion of 4 in magic acid. Moreover, the calculated energies of 27
and 42 are within 0.5 kcal/mol, suggesting a significant concen-
centration of these two species from the low temperature ionization.

This raises an obvious question: could all of the chemistry
simply involve equilibria between dications? This question was
examined computationally by considering the step in which the
alcohol ionizes to the carbocation. Assuming the alcohol group
must be protonated for ionization, this means the dicationic
intermediate 46 would of necessity be involved in the chemistry.
However, calculations indicate that 46 is about 35 kcal/mol less

+
X | S
| _~NH HN
+  +
/ ) N\
B : S R +| S,
| ~N HN | ~NH N
+ +
50 l l 51
H H
N 7 ’ // /N+
| H S@ X_-NH @
= i S
52 0.0 kcal/mol +4.6 kcal/mol 53
Relative
l Energy l

w

N AN AN
= @ NN S@
20 54

Figure S. Cyclization of trication 46 to compounds 20 and 51.

stable than the dication in which both pyridyl rings are proto-
nated (47). This strongly suggests the formation of the tricationic
oxonium ion 48, leading to the proposed tricationic superelec-
trophile 27.

OH
| = | X
~NHHN__~
+ o+
47
Relative energy,
keal/mol: 35.0 0.0

As described in Table 1, compound 18 reacts in superacid to
give the pyrido[1,2-alindole 20. This product is somewhat
surprising, as a dicationic cyclization might be expected to cyclize
into the benzothiazole ring. Assuming ionization of 15 leads to
the trication 49, deprotonation could lead to either 50 or 51, but
only dication 50 should lead to product 20 (Figure S). However,
the pK, data for the parent heterocycles suggest that the benzo-
thiazole ring should be more acidic (pK, for pyridine $.2; pK, for
benzothiazole 1.2).” This apparent inconsistency may be ex-
plained by considering the stabilities of the intermediates 52 and
53. DFT calculations have shown that cyclization through the
pyridine ring leads to an intermediate (52) that is 4.6 kcal/mol more
stable than a similar intermediate with benzothiazole cyclization
(53). Likewise, product 20 is almost 4 kcal/mol more stable than
its isomer 54.
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B CONCLUSIONS

We have studied the superacid-promoted reactions of a series
of triarylmethanols, which generate tricationic intermediates. As
compared to analogous mono- and dicationic species, the tri-
cationic intermediates exhibit new reactions resulting from the
effects of the closely oriented positive charges. These effects in-
clude the tendency for cationic charge to “migrate” across a phenyl
ring and the tendency for neighboring protons to exhibit very
high acidities. The migration of charge across organic structures
is important in material science applications and in the design of
organic-based electronics. Our results show that densely charged
structures may have high charge mobilities. As a consequence,
these tricationic superelectrophiles react with arene nucleophiles
at a remote site. Without a nucleophilic reactant, cyclizations oc-
cur to provide novel N-heterocyclic products. The functionalized
heterocycles are produced in good to excellent yields. Computa-
tional studies indicate that this chemistry arises from the deprotona-
tion of an unusually acidic pyridinium ring.
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dures, characterization data, "H and >*C NMR spectra for new
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