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The super stabilized tris(dialkylamino)-azadioxatriangule-
nium carbenium ion (A-ADOTA+) 4 has been synthesized
and characterized. As a result of extended delocalization of
the positive charge in the planar triangulenium system and the
presence of several strongly electron-donating groups, the
A-ATOTA+ ion displays extreme cation stability with a pKR+
value close to 25. Furthermore the A-ATOTA+ ion shows
excellent dye properties with intense absorption at 458 nm
and high fluorescence quantum yield.

Triangulenium ions are highly stabilized carbenium ions,
which from a structural point of view may be described as a
triphenyl methylium ion rigidified and made planar by bridging
of all ortho positions by hetero atoms (Scheme 1). The
triangulenium ions have been studied because of their properties
as highly stable carbenium ions,1-3 dyes,4-9 DNA intercalators,5,10

phase-transfer catalysts,11 and building blocks for the construc-
tion of macrocyclophanes,12-14 stable triplet π biradicals,15-17

and chiral structures.18,19 Very recently triangulenium ions have
been applied as self-assembling surface anchoring platforms20

and in columnar packed Langmuir monolayers.21 In most of
these applications unique effects or functions may be ascribed
to the most striking property of the triangulenium ions: their
extreme cation stability. The high cation stability is assigned

to efficient charge delocalization facilitated by the planar
structure and the electron-donating hetero atoms.1-3,22

The first triangulenium ion to be studied was the trioxatri-
angulenium ion TOTA+ synthesized by Martin and Smith in
1964.3 Over the past decade we have synthesized and investi-
gated a number of new triangulenium salts. Thus we have
previously shown that adding three dialkylamino groups to the
TOTA+ system, as in the tris(dialkylamino)trioxatriangulenium
ion (A-TOTA+) (Scheme 1), raises the cation stability by 10
orders of magnitute2 and generates an efficient rhodamine-like
fluorescent dye.8 Comparable large enhancements in carbenium
stability is obtained by replacing the oxygen bridges by nitrogen,
as in the azaoxatriangulenes: AzaDiOxaTriAngulenium (ADO-
TA+), DiAzaOxaTriAngulenium (DAOTA+), and TriAzaTri-
Angulenium (TATA+).1,23

In this paper a new class of triangulenium ions is presented
combining the peripheral amino substitution of A-TOTA+ with
the presence of one internal nitrogen bridge, as in the ADOTA+

ion. This combination of electron-donating groups makes the
new tris(dialkylamino)-azadioxatriangulenium ion (A-ADOTA+)
the most stable triangulenium ion ever made.

The synthesis of A-ADOTA+ is achieved following the
pathway used in the preparation of A-TOTA+ salts2 and

(1) Laursen, B. W.; Krebs, F. C. Chem.-Eur. J. 2001, 7, 1773–1783.
(2) Laursen, B. W.; Krebs, F. C.; Nielsen, M. F.; Bechgaard, K.; Christensen,

J. B.; Harrit, N. J. Am. Chem. Soc. 1998, 120, 12255–12263.
(3) Martin, J. C.; Smith, R. G. J. Am. Chem. Soc. 1964, 86, 2252–2256.
(4) Dileesh, S.; Gopidas, K. R. J. Photochem. Photobiol. A 2004, 162, 115–

120.
(5) Dileesh, S.; Gopidas, K. R. Chem. Phys. Lett. 2000, 330, 397–402.
(6) Krebs, F. C.; Spanggaard, H.; Rozlosnik, N.; Larsen, N. B.; Jorgensen,

M. Langmuir 2003, 19, 7873–7880.
(7) Krebs, F. C. Tetrahedron Lett. 2002, 44, 17–21.
(8) Laursen, B. W.; Reynisson, J.; Mikkelsen, K. V.; Bechgaard, K.; Harrit,

N. Photochem. Photobiol. Sci. 2005, 4, 568–576.
(9) Reynisson, J.; Wilbrandt, R.; Brinck, V.; Laursen, B. W.; Norgaard, K.;

Harrit, N.; Brouwer, A. M. Photochem. Photobiol. Sci. 2002, 1, 763–773.

(10) Reynisson, J.; Schuster, G. B.; Howerton, S. B.; Williams, L. D.; Barnett,
R. N.; Cleveland, C. L.; Landman, U.; Harrit, N.; Chaires, J. B. J. Am. Chem.
Soc. 2003, 125, 2072–2083.

(11) Nicolas, C.; Lacour, J. Org. Lett. 2006, 8, 4343–4346.
(12) Lofthagen, M.; Chadha, R.; Siegel, J. S. J. Am. Chem. Soc. 1991, 113,

8785–8790.
(13) Lofthagen, M.; Siegel, J. S. J. Org. Chem. 1995, 60, 2885–2890.
(14) Lofthagen, M.; Vernonclark, R.; Baldridge, K. K.; Siegel, J. S. J. Org.

Chem. 1992, 57, 61–69.
(15) Allinson, G.; Bushby, R. J.; Paillaud, J. L. J. Mater. Sci.: Mater. Electron.

1994, 5, 67–74.
(16) Allinson, G.; Bushby, R. J.; Paillaud, J. L.; Oduwole, D.; Sales, K. J. Am.

Chem. Soc. 1993, 115, 2062–2064.
(17) Allinson, G.; Bushby, R. J.; Paillaud, J. L.; Thorntonpett, M. J. Chem.

Soc., Perkin Trans. 1 1995, 385–390.
(18) Mobian, P.; Nicolas, C.; Francotte, E.; Burgi, T.; Lacour, J. J. Am. Chem.

Soc. 2008, 130, 6507–6514.
(19) Narasimhan, S. K.; Lu, X.; Luk, Y. Y. Chirality 2008, 20, 878–884.
(20) Baisch, B.; Raffa, D.; Jung, U.; Magnussen, O. M.; Nicolas, C.; Lacour,

J.; Kubitschke, J.; Herges, R. J. Am. Chem. Soc. 2009, 131, 442–443.
(21) Simonsen, J. B.; Kjær, K.; Howes, P.; Nørgaard, K.; Bjørnholm, T.;

Harrit, N.; Laursen, B. W. Langmuir 2009, 25, 3584-3592.

SCHEME 1. General Structures and Acronyms of Various
Triangulenium Ions
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inserting an ortho substitution step, as in the synthesis of
ADOTA+ (Scheme 2).1 Following the general strategy used in
the synthesis of the A-TOTA+ systems, the readily available
tris(trimethoxyphenyl)carbenium ion 12,24 is reacted with diethyl
amine to give 2 by selective nucleophilic aromatic substitution
of the three p-methoxy groups.2 At this stage the nitrogen bridge
is introduced by reaction with large excess of propyl amine,
substituting two of the o-methoxy groups and yielding the
aminoacridinium compound 3. Compared to the formation of
the nitrogen bridge in ADOTA+ the ortho substitution reaction
of 2 is very slow, days compared to minutes.1 However, 3 is
isolated in excellent yields of 70-80% after reaction for 4 days
at room temperature. The relative low reactivity of 2 is expected
on the basis of the presence of the three electron-donating diethyl
amino groups, which stabilize the carbenium ion and thus reduce
the reactivity toward nucelophiles.1,2

The high stability of acridinium compound 3 prohibits further
ortho substitution, which potentially would lead to formation
of the even more stabilized amino-triangulenium ions with two
and three nitrogen bridges. Raising the temperature led to
decomposition rather than formation of the desired products,
and the diaza compound was only observed as traces in the
reaction mixture.

The ring closure from 3 to 4 was first attempted using LiI in
NMP as reported for A-TOTA+.2 However, this method led to
a significant amount of byproducts that was difficult to remove.
The byproducts were identified as A-ADOTA+ isomers in which
one, two, or three ethyl groups were exchanged by methyl
groups. We believe that these products are formed by the methyl
iodide generated during the demethylation of the o-methoxy
groups in the ring-closure reaction. Methylation and subsequent
dealkylation leads to the overall replacement of the ethyl
substituents. In agreement with this mechanism the problem was
solved by replacing the solvent NMP by collidine, which acts
as a methyl iodide scavenger. The fact that this problem was
only encountered with the ring closure of 3 and not with that
of 2 to A-TOTA+ illustrates the strong electron-donating power
of the acridinium system. The enhanced stabilization of cation
3 results in a lowering of the partial positive charge on the
diethyl amino groups, making them more nucleophilic and thus
susceptible to methylation. The ring closure of 3 to 4 with LiI
in collidine gave after ion exchange with KPF6 (aq), column
chromatography, and recrystallization A-ADOTA ·PF6 (4 ·PF6)
in 75% yield.

The stability of carbenium ions, trivalent carbocations, is
measured by the pKR+ value of the system.25-27 The pKR+ value
is based on the equilibrium constant for the equilibrium between
the carbenium ion and the corresponding carbinol of a given
system. The pKR+ value reports the pH at which 50% of the
carbinol is converted into the carbenium ion. For the TOTA+

ion this value is 9.1.3 However, for the more stable triangule-
nium ions the pKR+ values are above 14 and have to be
measured in strongly basic nonaqueous solution. By applying
a solvent system of tetramethylammonium hydroxide/DMSO/
water, the pKR+ values of the highly stabilized A-TOTA+ and
azatriangulenium ions have been measured (Table 1).1,2,23 When
applying this method to determine the pKR+ value of the new
A-ADOTA+ ion, we find that it is even more stable than the
TATA+ ion (pKR+ ) 23.7) and that the very basic conditions
required to generate the carbinol is outside the range where this
solvent system provides accurate values.1 In these very basic
solutions the measurements are compromised by irreversible
reaction of the carbenium ion.1,25 However, by careful measure-
ments we are able to give a reasonable estimate of the pKR+
value of 25 (see Supporting Information for details).

Despite the lack of accurate pKR+ measurements, these results
clearly show that the new A-ADOTA+ ion is the most stable
triangulenium ion synthesized so far and comparable in stability
to the most stable carbenium ions ever reported.1,25,28,29 The
super stable A-ATOTA+ ion is obtained by changing just one
of the oxygen bridges in the A-TOTA+ system to a nitrogen
bridge, increasing the cation stability by 5 orders of magnitude.
Behind this significant increase in stability is a major redistribu-
tion of the charge density in the cationic system. This is clearly
seen in the plots of charge distribution in the A-TOTA+ and
A-ADOTA+ ions shown in Figure 1, generated from DFT
calculations (see Supporting Information for details). From the
charge distribution plots it is evident how the introduction of
the aza bridge in the A-ADOTA+ ion increases the electron
density on the central carbon atom and thereby raises the pKR+
value. In addition it is noticed that the electron density on the
dialkyl amino groups also increases, as more of the positive
charge is localized on the aza bridge, in perfect agreement with
the enhanced nucleophilicity observed for these groups during
our synthetic work.

The presence of peripheral dialkylamino groups in A-TOTA+

and A-ADOTA+ makes these carbenium ions potent dyes. Thus
the A-TOTA+ dyes show absorption and fluorescence properties
resembling those of the rhodamines, yet with a significant blue
shift of the lowest electronic transition (λabs ) 471 nm and λfl

) 506 nm).8 The new A-ADOTA+ dye 4 also shows very
intense absorption and fluorescence, which is even further blue-
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SCHEME 2. Synthetic Route to A-ADOTA ·PF6 TABLE 1. Summary of pKR+ Values for Triangulenium Ions

Compound pKR+ ref

TOTA+ 9.1 3
ADOTA+ 14.5 1
DAOTA+ 19.4 1
A-TOTA+ 19.7 2
TATA+ 23.7 1, 23
A-ADOTA+ ∼25 this study
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shifted (Figure 2). In acetonitrile solution 4 ·PF6 has absorption
maximum at 458 nm (ε ) 120,000 M-1 cm-1). The intense
fluorescence peaks at 486 nm, and the quantum yield was
measured to 0.64 ( 0.5 in acetonitrile solution, which is even
better than that of the A-TOTA+ dyes and comparable to that
of rhodamines.30

The blue-shifted transitions of the A-ADOTA+ system
compared to the A-TOTA+ dyes is similar to the shift when
going from rhodamine to aminoacridinium dyes and in agree-
ment with the general observation regarding the structure and
color of carbenium dyes, generally known as Dewar’s rule.31

The excellent fluorophore properties (intense absorption and high

fluorescence quantum yield) of the new A-ADOTA+ dye is
worth noticing since few dyes with such intense transitions are
found in the spectral region below fluorescein (λabs ) 494 nm).

In conclusion, we have reported the synthesis and spectral
properties of the new super stable tris(dialkylamino)-azadiox-
atriangulenium carbenium ion (A-ADOTA+). The synthesis is
based on a combination of controlled nucleophilic substitutions
in the para and ortho positions of the tris(trimethoxyphenyl)-
methylium ion 1 and represents the first example where both
types of substitution are applied in the same synthetic sequence.
The cation stability given by a pKR+ value close to 25 makes
the A-ADOTA+ ion the most stable triangulenium ion so far,
comparable to the most stable carbenium ions ever reported.
The new triangulenium salt shows promising dye properties with
intense absorption at 458 nm and efficient (φfl ) 0.64)
fluorescence at 486 nm in acetonitrile solution.

Experimental Section

The synthesis of compounds 1 ·BF4 and 2 ·PF6 are reported
elsewhere.2

9-(4-Diethylamino-2,5-dimethoxyphenyl)-10-propyl-2,7-bis-
(diethylamino)-4,5-dimethoxyacridinium Hexafluorohosphate
(3 ·PF6). Tris(4-diethylamino-2,5-dimethoxyphenyl)-methylium
hexafluorophosphate 2 ·PF6 (1.0 g, 1.28 mmol) was dissolved in
10 mL of acetonitrile, and n-propylamine (8 g, 136 mmol) was
added. The reaction mixture was stirred for 96 h at room
temperature. Solvent and propylamine was removed by evaporation,
and the residue was recrystallized from methanol (120 mL) to yield
0.70 g (70%) of 3 ·PF6 in a mixture of orange powder and needles.
1H NMR (CDCl3, 250 MHz): δ 6.20 (2H, d), 6.16 (2H, d), 6.03
(2H, s), 4.39 (2H, t), 3.93-3.41 (14H, m), 2.11 (2H, m6), 1.37-1.23
(21H, m). 13C NMR (CDCl3, 63 MHz): δ 162.8, 157.1, 153.9, 149.6,
149.4, 144.4, 111.6, 110.0, 93.37, 90.41, 87.13, 56.81, 56.40, 52.21,
45.76, 45.40, 20.23, 13.10, 13.04, 11.66. MALDI-TOF: M+ m/z )
631. Anal. Calcd: C, 58.74; H, 7.08; N, 7.21. Found: C, 58.71; H,
7.02; N, 7.11.

2,6,10-Tris(diethylamino)-4-propyl-4-aza-8,12-dioxatriangu-
lenium Hexafluorophosphate (4 ·PF6). 3 ·PF6(0.5 g, 0.64 mmol)
was dissolved in collidine (40 mL), and LiI (1.0 g, 7 mmol) was
added. The reaction mixture was heated to reflux under argon for
2 h. The reaction mixture was allowed to cool to room temperature
and was diluted with heptane (150 mL). The crude product was
collected by filtration and redissolved in methanol. The product
was precipitated with aqueous KPF6 solution (100 mL, 0.2 M),
collected, and washed repeatedly with water. Column chromatog-
raphy with dichloromethane/ether 2:1 yielded the product as a
yellow powder in a yield of 350 mg (80%). Further purification
can be obtained by recrystallization from methanol, in this case
yielding 330 mg (75%) of yellow powder. 1H NMR (CDCl3, 250
MHz): δ 6.38 (2H, s), 6.34 (2H, s), 6.17 (2H, s), 4.13 (2H, t, J )7
Hz), 3.48-3.60 (12H, m), 1.89 (2H, m6, 7 Hz), 1.30-1.35 (18H,
m), 1.14 (3H, t, J )10 Hz). 13C NMR (acetone-d6, 101 MHz): δ
155.93, 155.56, 155.52, 154.31, 154.11, 142.37, 131.94, 98.06,
94.49, 94.29, 90.97, 48.24, 46.32, 46.20, 20.22, 12.87, 12.77, 11.54.
MALDI-TOF: M+ m/z ) 532. Anal. Calcd: C, 59.64; H, 6.28; N,
8.18. Found: C, 59.58; H, 6.28; N, 8.16.
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FIGURE 1. Calculated electron density plots for the A-TOTA+ (top)
and A-ADOTA+ (bottom) cations (all R-groups ) methyl). Red is
positive, and blue is negative relative charge (see Supporting Informa-
tion for details).

FIGURE 2. Absorption and fluorescence spectra of A-ATOTA+

(4 ·PF6) in acetonitrile solution. Concentration in the absorption
measurement was 5.54 × 10-6 M.
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