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ABSTRACT: Atropisomers of three Blatter radicals were obtained
by the addition of 8-substituted 1-naphthyllithiums to 3-phenyl and
3-t-butylbenzo[e][1,2,4]triazine and separated by chiral high-
performance liquid chromatography. Their absolute configurations
were assigned by a comparison of experimental and time-
dependent density functional theory calculated electronic circular
dichroism spectra. The free energy of activation, ΔG‡

298, and the
half life of racemization, t1/2, at 298 K were determined at ∼25 kcal mol−1 and <130 h, respectively. Intramolecular π−π interactions
in radicals were evident from single-crystal X-ray diffraction, density functional theory, and electrochemical analyses.

Electronic, electrochemical, and magnetic properties arising
from the presence of an unpaired electron make stable

organic radicals attractive and increasingly important structural
elements of advanced functional materials for technological
applications, such as molecular electronics,1 energy storage,2−4

and efficient organic light-emitting diodes.5−8 A combination of
the unpaired electron spin with the chiral molecular structure
opens up new possibilities in the construction of molecules with
unique magnetic and chirooptical features. Such derivatives are
sought after for the investigation of spin-polarized electron
transport9 and chirality-induced spin selectivity10−12 in the
context of spintronic applications,13−16 for studies of magneto-
optical phenomena, such as magneto-chiral dichroism
(MChD),17 and for obtaining multifunctional solid materials
andmolecular magnets.18−20 Other investigations demonstrated
an efficient polarized emission,21 electrical magnetochiral
anisotropy,22 and quantum teleportation23 in some chiral radical
derivatives.
Among the known stable chiral radicals,24−33 there are only

five examples I−V (Figure 1) of electrically neutral radicals with
spin delocalized over chiral π frameworks.28−32 Out of these,
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Figure 1. Chiral stable radicals with π-delocalized electron spin.

Scheme 1. Preparation of Radicals rac-1 from
Benzo[e][1,2,4]triazines 2a

aReagents and conditions: (i) naphthyllitium 3 (1.3 equiv), THF,
−78 °C; (ii) H2O, air. Yield of isolated radicals after chromatography.

Figure 2. XRD structure of radical rac-1aA (left) and view of the
enantiomeric pair in the unit cell (right). Thermal ellipsoids at 50%
probability level. Pertinent dimensions: N(1)−Cnath 1.440(2) Å,
C(3)−CPh 1.489(2) Å, CNaph−CPh 1.492(2) Å; interplanar angles:
Naphth/Ph 58.9°, Naphth/BT 67.5°, BT/Ph 7.6°.
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only I,28 III,30 and IV31 have been resolved into enantiomers
and investigated in some detail.
The observed chemical reactivity, poor configurational

stability, and synthetic difficulties are the main factors limiting
the broader access to this class of unusual molecules. In this
context, the exceptional stability, well developed chemistry,34−37

and favorable electrochemical properties38,39 make the 1,4-
dihydrobenzo[e][1,2,4]triazin-4-yl (BT) core of radical
VI37,40,41 (Figure 1) an attractive candidate for a structural
element of a broad class of chiral paramagnetic materials.
Herein we report on axially chiral derivatives of the Blatter

radical (VI, Ar = X = Ph) obtained by the introduction of
sterically hindered substituents at the N(1) and C(3) positions
and chiral high-performance liquid chromatography (HPLC)
separation of the resulting rac-1 into atropisomeric pairs. The
configurational stability of the enantiomers was assessed by
kinetic methods, and the absolute configuration was assigned by
a combination of chiroptical spectroscopy and time-dependent
density functional theory (TD-DFT) calculations.
The racemic radicals rac-1 were obtained by the azaphilic

addition42 of 8-substituted 1-naphthylithiums 3A (X = Ph) and
3B (X = 4-t-BuPh) to benzo[e][1,2,4]triazines 2a (R = Ph) and
2b (R = t-Bu, Scheme 1). The initially formed anion 4 was
quenched with water, and the resulting leuco form was oxidized
to rac-1 by exposure to air. Pure radicals rac-1 were isolated by
column chromatography on a passivated SiO2 support in yields
diminishing from 62 to 29%. The observed trend apparently
follows that in the steric congestion in series 1.
The structure of racemic radical rac-1aAwas confirmed with a

single-crystal X-ray diffraction (XRD) analysis (Figure 2). The
dimensions of the benzo[e][1,2,4]triazine (BT) heterocycle are
typical for this ring system.39,43,44 The C(3) phenyl group is
nearly coplanar with the BT heterocycle forming the interplanar
angle of 7.6°. Substitution of the naphthyl at the C(8) position
resulted in a decrease in the torsion angle between the
heterocycle and the naphthalene ring plane in comparison
with the previously reported 1-(naphth-1-yl)-3-phenyl-1,4-

dihydrobenzo[e][1,2,4]-triazin-4-yl44 (67.5 vs 85.1°). The
naphthalene ring and its C(8) phenyl substituent form a 58.9°
dihedral angle that results in an approximately parallel
orientation of the latter and the BT core with an interplanar

Figure 3. Left: UV−vis spectra for radicals 1 in CH2Cl2. Right: Cyclic
voltammograms for the Blatter radical and 1aA (0.5 mM) in CH2Cl2
([Bu4N]

+PF6
−) (50 mM), ca. 20 °C, 50 mV s−1, glassy carbon

electrode.

Table 1. Cyclic Voltammetry Dataa and Estimated Energies of the FMOs for Radicals 1

radical E1/2
−1/0 (V) E1/2

0/+1 (V) Ecell (V)
b ELUMO (eV)c EHOMO (eV)c

Blatterd −0.92 0.28 1.20 −3.81 −4.81
1aA −1.08 0.23 1.31 −3.70 −4.79
1aB −1.09 0.15 1.24 −3.66 −4.71
1bA −1.13 0.21 1.34 −3.62 −4.77

aConditions: [nBu4N]
+PF6

− in CH2Cl2 (50 mM), ca. 20 °C, 50 mV s−1, glassy carbon electrode. Potentials referenced against the Fc/Fc+ couple
(0.46 V vs SCE, ref 46). bEcell = E1/2

0/+1 − E1/2
−1/0. cCalculated from the onset of oxidation or reduction: EHOMO/LUMO = −(E(onset ox/red vs Fc+/Fc) +

5.1); ref 47. dRef 42.

Figure 4.TD-DFT contours and energies of molecular orbitals relevant
to the lowest energy excitation in 1aA.

Figure 5. Left: Experimental (black) and simulated (red) EPR spectra
for rac-1aA recorded in benzene. Inset shows an assignment of the
resulting hfcc. Right: Total spin density in aR-1aA. Contour values are
plotted at ±0.02 (e/bohr3)1/2.

Figure 6. (a) Experimental ECD spectra of atropisomers of radical 1aA
in CH2Cl2. (b) TD-DFT calculated ECD spectra of 1aA in CH2Cl2. (c)
Configuration of S and R atropisomers of 1aA. For details, see the SI.
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angle of 22.1°. The shortest nonbonding distances are found
between the N(1) and N(2) atoms of the triazine and the C
atoms of the cofacial benzene ring (2.916(1) and 3.077(7) Å,
respectively). The molecules form discrete dimeric pairs of
enantiomers related by a symmetry center and an interplanar
separation of 3.489 Å (Figure 2).
To assess the effect of the intramolecular π−π interactions on

the electronic properties, we analyzed radicals rac-1 by
spectroscopic (UV−vis and electron paramagnetic resonance
(EPR)) and electrochemical methods.
All radicals 1 exhibit a broad, low-intensity absorption in the

visible range up to 600 nm similar to that observed in the parent
Blatter radical42,45 and quasi-reversible redox behavior (Figure
3). A comparison of the data in Table 1 revealed a cathodic shift
of the oxidation potentials by up to 0.13 V and a more
pronounced shift of the reduction potential by up to 0.21 V in
radicals 1 relative to the parent Blatter radical38,42 (VI, X = Ar =
Ph). This indicates that the frontier molecular orbital (FMO)
energies becomemore positive, and the electrochemical window
in 1 is expanded by up to 0.14 V relative to those in the parent
Blatter (Table 1).42

The electrochemical data are consistent with the results of the
TD-DFT calculations in the CH2Cl2 dielectric medium. The
results show that the intramolecular π−π interactions between
the cofacial Ph and BT rings in 1a destabilize the FMOs, both
localized on the BT core. Thus the α-HOMO is higher by up to
0.038 eV and the β-LUMO is higher by ∼0.066 eV relative to
those in the Blatter, which leads to the net expansion of the
HOMO−LUMO gap. The TD-DFT results also show that the
cofacial π−π interactions change the nature of the low energy
excitations in 1. Thus the lowest energy excitation calculated for
1aA at 530.1 nm is mainly due to transitions involving the
naphthyl fragment with some contributions from the BT and
cofacial benzene rings (Figure 4), whereas the excitation at 425
nm originates from the transitions within the benzo[e][1,2,4]-
triazinyl with some contribution from the cofacial benzene ring.
Radicals 1 exhibit typical EPR spectra consisting of seven

principal lines (e.g., rac-1aA in Figure 5) with the aN1, aN2, and
aN4 hfcc values similar to those in the prototypical Blatter radical,
about 7.5, 4.9, and 5.0 G, respectively.
Racemic mixtures of benzo[e][1,2,4]triazinyls rac-1 were

resolved into enantiomers using a semipreparative HPLC
method and a Chiralcel OD-H stationary phase, which was
found to be the most effective. For instance, enantiomers of 1aA
are separated by over 2min with retention times of 14.5 and 16.8
min.48

Optical rotation analysis established that the isomer eluted in
the first HPLC fraction is dextrorotatory (+) for all three radicals
1. Electronic circular dichroism (ECD) measurements in
CH2Cl2 solutions demonstrated that (+) enantiomers of the
C(3)−Ph-substituted radicals, (+)-1aA and (+)-1aB, exhibit a
positive Cotton effect (CE) around 250 and 320 nm and a
negative CE at ∼220 (maximum below the transparency

window) and above 350 nm (Figure 6). In contrast, the
analogous C(3)−t-Bu derivative, (+)-1bA, exhibits an opposite
trend in the Cotton effect.48 The leverotatory enantiomers
(−)-1 gave ECD spectra, which are mirror images of those for
the (+)-1 enantiomers, as shown for 1aA in Figure 6. The
assignment of absolute configuration to individual enantiomers
1 was accomplished by a comparison of the experimental ECD
spectra with those calculated with TD-DFT methods (UCAM-
B3LYP/Def2SVP//UB3LYP/Def2SVP level of theory).48 Thus
the analysis suggests that all (+)-1 isomers have the S
configuration, whereas the (−)-1 analogues have the R
configuration.
The configurational stability of radicals 1 was investigated as a

time-dependent decay of enantiomeric excess (ee) in 1,2-
dichloroethane (DCE) solutions, and the thermodynamic
parameters for the enantiomer interconversion process were
determined from the Eyring analysis of the first-order kinetic
data.48 The data in Table 2 show that the activation enthalpy,
ΔH‡, for the enantiomerization process49 is ∼23 kcal mol−1 for
the C(3)−Ph derivatives 1a and up to 2 kcal mol−1 lower for the
C(3)−t-Bu radical 1bA. Combined with the negative entropy of
activation, ΔS‡, the resulting free energy of activation, ΔG‡

298,
for the enantiomerization is∼25 kcal mol−1 for all three radicals.
Interestingly, the largest entropy of activation is measured for
1bA (−13.3 ± 1.6 cal mol−1 K−1), which gives the highest value
in the series of free energy of activation,ΔG‡

298, (25.8± 0.5 kcal
mol−1) despite the lowest ΔH‡. The order of ΔG‡

298 values in
the series is paralleled by the order of the half life of the
racemization process at standard temperature, t1/2(298), calcu-
lated from the rate constant of racemization (krac = 2 × ken)

49

extrapolated to T = 298 K. Although the uncertainty for such an
estimate is high, the obtained t1/2(298) values demonstrate the
highest configurational stability of the C(3)−t-Bu derivative
1bA with the estimated decay of the enantiomeric excess ee to
50% after∼130 h (Table 2). Overall, the data in Table 2 indicate
that expanding the size of the naphthalene ring C(8) substituent
(from Ph in 1aA to C6H4-4-tBu in 1aB) increases the enthalpic
barrier of the enantiomer interconversion, whereas changing the
C(3)−Ph in 1aA to C(3)-t-Bu in 1bA stabilizes the
atropisomers entropically.
A similar kinetic analysis of enantiopure 1aA in cyclohexane

solutions gave very different results: A much larger activation
enthalpy (ΔH‡ = 38.8 ± 1.5 kcal mol−1) and a significantly
positive activation entropy (ΔS‡ = 42.5 ± 4.5 cal mol−1 K−1)
were obtained, although the resulting free energy of activation,
ΔG‡

298, remains comparable to that obtained from the DCE
solutions.48 The observed significantly positive ΔS‡ value
indicates a less ordered transition state than the ground state
and suggests the presence of aggregates, which must break apart
prior to the interconversion to the opposite enantiomer.
In summary, we have demonstrated the preparation and chiral

resolution of the first axially chiral derivatives of the Blatter
radical. The kinetic stability of the enantiomeric radicals 1,

Table 2. Thermodynamic Data for Thermal Enantiomerization of Atropisomers 1 in 1,2-Dichloroethanea

radical Ea (kcal mol−1)b ΔH‡ (kcal mol−1)c ΔS‡ (cal mol−1 K−1)c ΔG‡
298 (kcal mol−1)c t1/2(298) (h)

d

1aA 23.3 ± 0.3 22.6 ± 0.3 −6.8 ± 1.0 24.7 ± 0.3 20
1aB 24.4 ± 0.2 23.8 ± 0.2 −5.6 ± 0.7 25.4 ± 0.2 70
1bA 22.5 ± 0.5 21.8 ± 0.5 −13.3 ± 1.6 25.8 ± 0.5 130

aFor the racemization process, the entropy is larger by +1.4 cal mol−1 K−1, and the free energy is smaller by 0.4 kcal mol−1. bFrom the Arrhenius
analysis. cFrom the Eyring analysis. dEstimated order of magnitude for the racemization half life calculated using krac = 2 × ken obtained from the
extrapolation of kinetic data. For details, see the SI.
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ΔG‡
298≈ 25 kcal mol−1, appears to be sufficient for their further

studies and for their incorporation into other molecular systems
using functional group transformations already developed for
the benzo[e][1,2,4]triazin-4-yl derivatives.
The presented synthetic method opens up access to a

potentially rich class of easily accessible robust chiral para-
magnetic materials and building blocks of type VI, whose
properties such as the configurational stability, transannular
electronic interactions, and redox and photophysical behavior
can be fine-tuned by a judicious choice of substituents.
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