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Nitrogen Analogues of Thiele’s Hydrocarbon**

Yuanting Su, Xingyong Wang, Yuantao Li, You Song, Yunxia Sui, and Xinping Wang*

Abstract: A series of bis[N,N-di-(4-methoxylphenyl)ami-
nojarene dications 1*'-3*" have been synthesized and charac-
terized. Their electronic structures were investigated by various
experiments assisted by theoretical calculations. It was found
that they are singlets in the ground state and that their diradical
character is dependent on the bridging moiety. 3** has a smaller
singlet—triplet energy gap and its excited triplet state is
thermally readily accessible. The work provides a nitrogen
analogue of Thiele’s hydrocarbon with considerable diradical
character.

Stable diradicaloids delocalized over m-conjugated systems
have attracted much attention due to their unique chemical
bonding, interesting physical properties (optical, electronic,
magnetic, etc.), and promising applications as functional
materials in molecular electronics."! Thiele’s and Chichiba-
bin’s hydrocarbons (Scheme 1),”! which were prepared
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Scheme 1. Thiele’s and Chichibabin’s hydrocarbons.

shortly after Gomberg’s synthesis of the triphenylmethyl
radical,®! have been the subjects of interest for more than one
century. Both possess a characteristic resonance structure
between an open-shell diradical and a closed-shell quinonoid
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Scheme 2. Nitrogen analogues of Chichibabin’s hydrocarbons.
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Scheme 3. Bis[N,N-di-(4-methoxylphenyl)amino]arene dications.

form. Their isolable derivatives and analogues with enhanced
stability and diradical character have also been explored.*
Very recently Kamada et al. and our group reported stable
nitrogen analogues of Chichibabin’s hydrocarbon as diradi-
caloids (A—C in Scheme 2).I’! Herein we present the isolation
and characterization of nitrogen analogues of Thiele’s hydro-
carbon (1**-3*" in Scheme 3).

Neutral 1-3 were synthesized under standard Buchwald-
Hartwig Pd-catalyzed amination of aryl halides by literature
procedures.®! Upon oxidation with Ag[AI(ORp),] (2 equiv,
OR; = OC(CF;);)" in CH,Cl,, the neutral precursors 1-3
were converted to dications 1°*-3%" in high yields, respec-
tively. The resulting dication salts are thermally stable as
crystals under air and can be stored for several days at room
temperature. The electronic and geometric structures of these
dications were systematically investigated by UV/Vis, elec-
tron paramagnetic resonance (EPR), single-crystal X-ray
diffraction, and superconducting quantum interference device
(SQUID) measurements, in conjunction with DFT computa-
tions.

Crystals suitable for X-ray crystallographic studies were
obtained by cooling solutions of salts 2**2[AI(ORg),]” and
F*2[AI(ORy),]” in CH,CL;" however, attempts to grow
crystals of 1°72[Al(ORy),]” failed. The structures of the
dications 2*" and 3*" are illustrated as stereoviews in Figure 1
with structural parameters, some of which are given in
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Figure 1. Thermal ellipsoid (50%) drawings of a) 2" and b) 3**: top
views (upper) and side views (lower). Hydrogen atoms were omitted
for clarity. Selected bond lengths (A) and angles (deg): in 22*, N1-C33
1.354(3), N1-C46 1.439(3), N1-C53 1.423(3), N2-C36 1.355(3), N2—
C60 1.431(3), N2-C67 1.431(3), C33—-C34 1.421(3), C34-C35 1.356(3),
C35-C36 1.428(3), C36-C42 1.462(3), C41-C42 1.430(3), C33-C41
1.461(3), C33-N1-C46 123.91(18), C33-N1-C53 120.05(18), C46-N1-C53
115.79(17), C36-N2-C60 124.11(18), C36-N2-C67 120.27(18), C60-N2-
C67 115.48(17); in 32*, N1-C17 1.405(4), N1-C27 1.409(4), N1-C34
1.409(5), C17-C23 1.431(5), C22-C23 1.432(5), C17-C22’ 1.430(5),
C17-N1-C27 120.1(3), C17-N1-C34 119.8(3), C27-N1-C34 120.1(3).

Table S2 in the Supporting Information (SI). Two nitrogen
atoms are nearly coplanar («) with six neighboring carbon
atoms in both dications 2" and 3*'. The plane («) more
largely deviates (56.2°) from the anthracene moiety in 3*"
than naphthalene (33.0°) in 2** due to the steric repulsion. In
2** the average N—C bond length (1.354(3) A) to the
naphthalene moiety is much shorter than that (1.409(4) A)
to the peripheral aryl ring systems (N—Ar), which, together
with the short C34—C35 bond (1.356(3) A), shows a quasi-
quinoidal™’ and closed-shell ground-state structure for 2**. In
contrast, in 3** the average N—C bond length (1.405(4) A) to
the anthracene moiety is close to that (1.430(5) A) to the
peripheral aryl ring systems (N—Ar), and significantly longer
than that (1.354(3) A) in 2**, indicating that 3> may have
a diradical character.

To further understand the electronic structures, we
performed calculations for species 1**-3**.l'¥l Full geometry
optimizations were performed at the (U)B3LYP/6-31G(d)
level and the obtained stationary points were characterized by
frequency calculations. The calculated energy differences
AEqg s between the open-shell (OS) singlet diradicals and
closed-shell (CS) singlet states increase, whereas the singlet—
triplet energy gaps AEqs 1 decrease from 1*' to 3*, showing
a clear bridging dependence (Table S2, SI)."™ The N—C and
C—C bond lengths in the X-ray crystal structure of 2°" are
close to those of the closed-shell singlet, whereas the bond
lengths of 3*" are found to be between those for the optimized
closed-shell singlet and diradical triplet, indicating a singlet
ground state with an intermediate diradical character for 3**.
Dication 3*' is thus best described as a resonance hybrid of
diradical structure and quinoidal structure (Scheme 4), sim-
ilar to Thiele’s hydrocarbon (Scheme 1). However, the value
of diradical character y calculated at the UBHandHLYP/6-
31G(d) level, which is estimated by the occupancy of the
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Scheme 4. Resonance structures of 3",

lowest unoccupied natural orbital (LUNO) to represent the
“degree” of the singlet diradical character,!l of the X-ray
structure of 3** (0.63) is much higher than that (0.18)!" of
Thiele’s hydrocarbon. The HOMO(a) and LUMO(«) orbitals
of 3*"-0OS are delocalized over one amine unit, with larger
coefficients from the peripheral aryl rings (Figure 2a,b). The
spin density is distributed through the whole molecule in 3*'-
OS (Figure 2c¢).
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Figure 2. a) LUMO (a), b) HOMO (@), and c) spin densities of 3**-
OS, calculated at the UB3LYP/6-31G(d) level.

The diradical character of 3*' is consistent with its
maximum absorption of the lowest energy transition in the
near-infrared region (982 nm, Figure 3), which is greatly blue-
shifted to 822 nm for 1>* and 842 nm for 2**. Time-dependent
(TD) DFT!"! calculation at the UPBE0/6-31G(d) level on
the open-shell singlet geometry of 3*" indicates the maximum
absorption is due to HOMO—LUMO and HOMO-1—
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Figure 3. Absorption spectra of 1x107*m 12%, 2**, and 3?" in CH,Cl, at
25°C.
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LUMO transitions, and in reasonable agreement with the
experimental absorption (Figure S3, SI). The small HOMO-
LUMO gap is a typical indication for a significant diradical
character.

The magnetic properties of 1*'-3*" were examined by
EPR and SQUID measurements. 1** and 2*" in solution and
the solid state showed no EPR signal, indicating they have
closed-shell structures in the ground state. The solution of 3**
was also EPR-silent, which may be due to the low spin
concentration in the dilute solution. The powder EPR
spectrum (Figure 4 a) of 3**2[Al(ORy),]”, however, is typical
for a triplet state. The observed Am =+ 2 transition further
indicates that 3*" is a diradical dication upon thermal
activation. The zero-field parameters were determined by
spectral simulation as D =13.4 mT (12.5x 10 cm ') and E =
1.28 mT (1.19x 10~* cm™"), with an anisotropic g factor (g, =
2.0050, g,=2.0045, g,=2.0053). The hyperfine coupling
constant with N atoms is A,(N)=0, A4,(N)=0.98, and
A, (N)=0mT, respectively. The average spin-spin distance
from D was estimated to be 5.9 A, which is slightly longer
than the distance (5.6 A) between the two N atoms in the X-
ray structure, indicating that the two unpaired electrons are
not only residing on two nitrogen atoms, but to some extent
delocalized on the bridging anthracene unit and the periph-
eral aryl rings. Correspondingly the SQUID measurements on
17" and 2*' only showed diamagnetism (Figures S1 and S2,
SI), consistent with their closed-shell singlet ground states. In
contrast, an increasing susceptibility above 100K was
observed for the powder sample of 3*" (Figure 4b). Careful
fitting with the Bleaney—Bowers equation® and Hamiltonian
H==2J 8 S, (5,=8,=1/2) gave a small singlet-triplet
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Figure 4. a) The powder EPR spectrum of 32" at 110 K. The solid and
dotted lines indicate observed and simulated spectra, respectively. The
central peak shows the signal derived from the monoradical impurity;
and b) y,, T versus T curve in the SQUID measurements for the powder
of 3** and the fitting plot obtained with the Bleaney-Bowers equation.
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energy gap (AEs 1= —1.4 kcalmol™"), which agrees well with
the calculated value (—1.47 kcalmol™') at the UB3LYP/6-
31G(d) level.l'”

Seemingly the steric repulsion arising from the central
bridge with the peripheral aryls plays an important role in the
diradical character of 3*'. To investigate the correlation
between the degree of geometric twisting and increased
diradical character, a series of Thiele’s nitrogen analogues in
which the bridge part was modified with methyl groups were
theoretically studied (Table S3, SI). Correlations between the
degree of geometric twisting and increased diradical charac-
ter are shown in Figure S4,5 in the SI, which clearly show that
a gradual replacement of the hydrogen atoms of the central
bridge moiety by methyl groups leads to increased steric
repulsion, stronger geometric twisting, and increased dirad-
ical character. In addition, the enhanced diradical character
may also be attributed to the recovery of aromaticity of
bridging aryl rings. The determination of nucleus-independ-
ent chemical shift (NICS) values suggests a quinoid character
of the bridging benzene rings for 1°* and 2**, whereas a more
benzenoid character is suggested for 3** (Figure S6, SI), which
is consistent with experimental observations.

In summary, we have synthesized and characterized
a series of bis[/V,N-di-(4-methoxylphenyl)amino]arene dicat-
ions 1**-3%". The work demonstrated an interesting bridging
dependence of the structures, energy gaps, diradical charac-
ter, and spectroscopic as well as magnetic properties. The
steric repulsion and recovery of aromaticity of bridging aryl
rings causes a smaller singlet—triplet energy gap for 3** and its
excited triplet state is thermally readily accessible. The work
provides a nitrogen analogue of Thiele’s hydrocarbon with
considerable diradical character. Its application in molecular
electronics is worth further investigation.

Experimental Section

General Procedures: All manipulations were performed under an Ar
or N, atmosphere by using standard Schlenk or glove box techniques.
Solvents were dried prior to use. Bis[NV,N-di-(4-methoxyphenyl)ami-
noJarenes (1, 2, and 3)! and Ag[Al(OR),]"! were prepared by the
published procedures. EPR spectra were obtained using a Bruker
EMX-10/12 variable-temperature apparatus. Magnetic measurements
were performed using a Quantum Design MPMS XL-7 SQUID
magnetometer in the temperature range 5-350 K with a field up to 7T.
UV/Vis spectra were recorded on the Lambda 750 spectrometer.
Element analyses were performed at Shanghai Institute of Organic
Chemistry, the Chinese Academy of Sciences. X-ray crystal structures
were obtained by using Bruker APEX DUO CCD detector.

Syntheses of dication salts: Under anaerobic and anhydrous
conditions, a mixture of bis[N,N-di-(4-methoxylphenyl)amino]arene
and Ag[Al(ORg),] in CH,Cl, (~ 50 mL) was stirred at room temper-
ature overnight. The resultant solution was filtered to remove the
gray precipitate (Ag metal). The filtrate was then concentrated and
stored at around —30°C for 1 day to afford crystals or powder.

1**2[AI(ORp),] : 1 (0.1065 g, 0.200 mmol) and Ag[Al(ORg),]
(0.4514 g, 0.420 mmol); blue powder. Yield: 0.3182 g, 64.5%; UV/Vis
(CH,CL): Apay =822 and 672 nm; elemental analysis (%) caled:
C32.13, H1.31, N 1.14; found: C 31.34, H 1.31, N 0.99.

22" 2[AI(ORp),] : 2 (0.1748 g, 0.300 mmol) and Ag[Al(ORy),]
(0.6663 g, 0.620 mmol); deep-blue crystals. Yield: 0.5842 g, 77.4%;
UV/Vis (CH,CL): Ay =842 and 645 nm; elemental analysis (%)
caled: C33.40, H1.36, N 1.11.; found: C33.40, H 1.35, N 1.14.

Angew. Chem. Int. Ed. 2015, 54, 16341637


http://www.angewandte.org

3 2[AI(ORp),]: 3 (0.1266 g, 0.200 mmol) and Ag[Al(ORg),]
(0.4729 g, 0.440 mmol); blue-green crystals. Yield: 0.3553 g, 69.2%;
UV/Vis (CH,ClL): 2,,,=982 and 808 nm; elemental analysis (%)
calcd: C34.62, H 1.41, N 1.09.; found: C 34.61, H 1.40, N 1.24.
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