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In contrast to p-phenyldiamine radical cations (W�rster�s
salts),[1] aniline radical cations (ArNR2C

+, R = H or alkyl) are
highly reactive and often exist as short-lived intermediates
occurring in dimerization,[2] cationic polymerization,[3] azo
compound formation,[4] benzidine rearrangement,[5] proton-
transfer reactions,[6, 7] and various nucleophilic substitutions
such as nitration,[7] methoxylation,[8] cyanation,[9] and halo-
genation.[2b] Because of their importance, aniline radical
cations have been the subject of numerous theoretical[10]

and experimental studies in the gas phase[10] and in solu-
tion.[6–9, 11] Calculations have predicted that a discrete aniline
radical cation in the gas phase adopts a planar quinoidal-type
structure with a partial double C�N bond and the unpaired
electron is delocalized in the phenyl ring.[10] However,
isolation of salts with an aniline radical cation remains
a challenge. By using weakly coordinating anions,[12] we have
previously succeeded in isolating benzidine radical cations.[13]

We herein report the synthesis, characterization, and struc-
tures of an aniline radical cation TBAC+ (TBA = 2,4,6-
tBu3C6H2NH2), stabilized both in the solution and solid
states. The cation exists as two isomers that interchange at
different temperatures and features an exceptionally long
C�N bond longer than that predicted by theory.

Cyclic voltammetry of TBA in CH2Cl2 at room temper-
ature with 0.1m Bu4NPF6 as the supporting electrolyte showed
well-defined reversible oxidation waves (Figure 1 a), indicat-
ing that the radical cation TBAC+ is stable under these
conditions.[14] Upon one-electron oxidation with AgSbF6 in
CH2Cl2, TBA was converted to a green radical cation salt
TBAC+SbF6

� in considerable yield [Eq. (1)]. In contrast,

attempts to stabilize the aniline radical cation with other
anions such as BF4

� and CF3SO3
� failed.[15] On the basis of the

literature[2b, 16] and in comparison to the electronic absorption
of the neutral TBA, the band at 432 cm�1 in the absorption
spectrum (expt. Figure 1b; calc. Figure S15b in the Support-
ing Information) was assigned to the radical cation TBAC+.
The simulated EPR spectrum is in good agreement with the
experimental EPR spectrum, revealing a pattern resulting
from interactions of the electron with H (of NH2 and the
phenyl ring) and N atoms (Figure 2).[17] The solid-state EPR
spectrum shows one single line with g = 2.0039 (Figure S3 in
the Supporting Information).

Green crystals suitable for X-ray crystallographic studies
were obtained from dichloromethane solutions of
TBAC+SbF6

� at �20 8C. Single-crystal structures of
TBAC+SbF6

� were determined at various temperatures: 123,
223, 273, 296, 323, 353, and 373 K.[18] The crystal maintained
the orthorhombic space group Pmn21. The monomeric radical
cation TBAC+ is regularly stacked along the b axis by C�H···p
intermolecular interactions. The interplanar distances are
around 5.1 �, much larger than the equilibrium van der Waals
separation of 3.4 �, indicating that there are no intermolec-
ular p–p interactions (Figure S6 in the Supporting Informa-
tion). The phenyl ring of the TBAC+ radical cation (Figure 3
and Table 1) is distorted with respect to that of neutral
TBA,[19] but upon heating it maintains Cs symmetry with the
mirror plane bisecting the phenyl ring. At 123 K the

Figure 1. a) Cyclic voltammograms of TBA in CH2Cl2 (2 � 10�4
m, 0.1m

nBu4NPF6, 298 K) were measured at various scan rates: 50, 100, 200,
300, 400, 500 mVs�1. For a colored drawing, see Figure S1 in the
Supporting Information. b) Absorption spectra of TBA (1 � 10�4

m) and
TBAC+SbF6

� (1 � 10�4
m) in CH2Cl2 at 298 K.
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longitudinal bond (labeled c in Table 1) inside the ring is
elongated while one of the transverse bonds (b) is contracted,
leading to a bisallyl-type structure. The bond-length varia-
tions within the phenyl ring are above the error limits. When
the crystal is heated up, the transverse (b, d) and longitudinal

(c) bonds are elongated and shortened, respectively, resulting
in the quinoid-type isomer at high temperatures (see Figure 3
for the structure at 373 K).[20] Although standard deviations at
higher temperatures are large and this precluded the precise
determination of the structural parameters, the trend of
geometry change with increasing temperature is apparent
(Figure S9). The process is completely reversed by cooling the
crystal back to low temperatures (Scheme 1). The geometries
of the bisallyl and quinoid isomers can be represented by the
Lewis structures shown in Scheme 2. It is worthwhile to note
that the C�N bond (a, ca. 1.5 �) basically remains the same
length throughout the temperature range, and is considerably
longer than that (1.415(3) �) of the neutral aniline.[19]

To rule out the possibility that the crystal might contain
the N-protonated 1,3,5-tri-tert-butylanilinium cation
(TBAH+), we prepared TBAH+SbF6

� on purpose by the
reaction of (TBAH)Cl with AgSbF6 (1:1). Colorless crystals
(Figure S4 in the Supporting Information) of TBAH+SbF6

�

suitable for X-ray crystallographic studies were obtained from
dichloromethane solutions and several crystals were inves-
tigated.[21] The unit cell parameters and space group, together
with the lack of color and EPR silence of TBAH+SbF6

� are
different from those of the crystals of TBAC+SbF6

� . In
addition, the X-ray structure analysis of TBAH+SbF6

� at
higher temperatures (296 and 373 K) was also conducted and
all bond lengths were found to be slightly elongated due to
thermal expansion (Figure S10). This is in sharp contrast to
the change in bond length alternations within phenyl rings of

Figure 2. Experimental (top; CH2Cl2, 1 � 10�4
m, 233 K) and simulated

(bottom) EPR spectra of TBAC+ with aN =5.48 G, aH
NH =6.62 G (2H),

aC6 H2
H ¼2.90 G (2 H).

Figure 3. The X-ray structures (bond lengths in �) of the TBAC+ cation
in TBAC+SbF6

� at different temperatures. Ellipsoids are drawn at the
30% probability level. Hydrogen atoms and some carbon atoms of the
tBu groups are not shown.

Table 1: Experimental bond lengths [�] of neutral aniline TBA and its
radical cation TBAC+ in TBAC+SbF6

� .

Bond TBA (150 K)[a] TBAC+ (123 K) TBAC+ (373 K)

a(C1–N1) 1.415(3) 1.496(7) 1.51(2)
b(C1–C2) 1.414(2) 1.381(4) 1.404(13)
c(C2–C3) 1.395(2) 1.423(5) 1.281(15)
d(C3–C4) 1.386(2) 1.387(5) 1.452(13)

[a] Ref. [19].

Scheme 1. Temperature-dependent structural transitions of the radical
cation TBAC+.

Scheme 2. The Lewis structures for the bisallyl and quinoid isomers.
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TBAC+SbF6
� upon heating. Thus any possibility for N-

protonated 1,3,5-tri-tert-butylanilinium cation (TBAH+) has
been completely excluded.

To rationalize the experimental results, we carried out
some calculations on the isolated species and cation–anion
complexes.[22] Full geometry optimizations were obtained and
the obtained stationary points were characterized by fre-
quency calculations. Similar to the calculated parent aniline
radical cation C6H5NH2C

+,[10] the isolated radical cation
TBAC+, optimized at UB3LYP, UM06-2X, and UMP2/6-
31G(d) levels, has a planar quinoidal-type structure with
a partial C�N double bond (Figure 4a; Figures S11 and 12 in

the Supporting Information). This C�N bond (1.353 �) is
considerably shorter than that (1.5 �) in the solid state. The
experimental geometry of TBAC+ can be reproduced only
when two SbF6

� anions are included into calculation (Fig-
ure 4b) at the UMP2/6-31G(d) level (LANL2DZ for Sb),
which strongly indicates that the stabilization of the radical
cation TBAC+ and its structural deviation from the gas-phase
geometry may arise from a special crystal environment or the
crystal packing forces. In addition, the anion interacts strongly
enough to distort the structure of the cation beyond the
theoretical prediction on a discrete cation. The elongation of
the C�N bond is probably caused by the electrostatic
interaction, which weakens the Nlone pair!pphen* negative
hyperconjugation. Natural bond orbital (NBO) analysis
supports this point (see the Supporting Information). How-
ever, it is difficult to study the influence of the anions on the
cations at different temperatures as the SbF6

� anions are
disordered upon heating (Figure S8). Nonetheless the Lewis
structures of quinoidal and bisallyl isomers are supported by
the calculated two highest occupied orbitals (Figure 5) using
experimental geometries taken from X-ray structures.

The control of molecular properties by governing valence
electrons is important for chemical reactions and building
molecular devices.[23] This can be studied by quantum
calculations. For example, aromaticity of benzene can be

controlled by electron dynamics.[24] Theoretical studies have
shown that the loss of one electron from benzene or its
derivatives could lead to either a quinoid or a bisallyl
structure owing to the Jahn–Teller effect.[25] Quite recently,
Seppelt et al. reported the C6F6

+C radical cation in both the
quinoid and the bisallyl isomeric forms coexisting in one
crystal.[26] Whether these two isomers interchange has not yet
been tested experimentally.

In conclusion, the green color (solid and solution), EPR
spectra, and electronic absorption imply that the aniline salt
isolated is the radical cation salt TBAC+SbF6

� , which has also
been successfully isolated as stable crystals and studied by X-
ray crystallography. This compound undergoes reversible
isomerization upon heating or cooling in the solid state, which
is unprecedented for a simple phenyl ring system and implies
that the valence electrons of the radical cation can be
controlled by temperature. We have described the first
example of an aniline radical cation in the solid state, which
may be used as a stable intermediate for model studies.[2–9]

Experimental Section

General Procedures
All experiments were carried out under a nitrogen atmosphere using
standard Schlenk techniques and a glove box. 2,4,6-tBu3C6H2NH2

(TBA, Alfa Aesar) and AgSbF6 (Alfa Aesar) were purchased and
used without further purification. Solvents were dried prior to use.
Cyclic voltammetry was performed on an IM6ex electrochemical
workstation, with platinum as the working and counter electrodes,
Ag/Ag+ as the reference electrode, and 0.1m nBu4NPF6 as the
supporting electrolyte. EPR spectra were obtained using a Bruker
EMX-10/12 variable-temperature apparatus. UV/Vis spectra were
recorded on a UV-3600 spectrophotometer. Elemental analyses were
performed at Shanghai Institute of Organic Chemistry, the Chinese
Academy of Sciences. X-ray crystal structures were obtained with
Bruker APEX DUO CCD detectors at different temperatures. Single
crystals were coated with Paratone-N oil and mounted using a glass

Figure 4. Calculated geometries (bond lengths in �) of a) discrete
TBAC+ radical cation and b) [TBA(SbF6)2]C

� complex at the level of
UMP2/6-31G(d) (LANL2DZ for Sb).

Figure 5. View of the two highest occupied orbitals of the bisallyl and
quinoid isomers with two SbF6

� anions, calculated at the level of
UMP2/6-31G(d) (LANL2DZ for Sb). For the quinoid structure, fluorine
atoms with higher occupancy were used.
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fiber and AB glue. TGA was performed using a Netzch Sta 449c
thermal analyzer system at a heating rate of 10 8C min�1 in N2

atmosphere.
TBAC+SbF6

� : Under anaerobic and anhydrous conditions, a mixture
of TBA (0.102 g, 0.390 mmol) and AgSbF6 (0.129 g, 0.375 mmol) in
CH2Cl2 (ca. 60 mL) was stirred at room temperature for 1 day. A gray
precipitate (Ag metal) was filtered off of the resultant green solution.
The filtrate was then concentrated and stored at roughly �20 8C for
1 day to afford X-ray-quality crystals of thte radical cation salt
TBAC+SbF6

� . Yield: 0.159 g, 82 %; m.p. 172–1748C; elemental
analysis (%): calcd C 43.47, H 6.24, N 2.82; found C 43.42, H 6.46,
N 2.89.
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