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ABSTRACT:  We report a neutral high-spin diradical of chiral C2-symmetric bis[5]diazahelicene with EST ≈ 0.4 kcal mol-1, as deter-
mined by EPR spectroscopy/SQUID magnetometry. The diradical is the most persistent among all high-spin aminyl radicals reported 
to date by a factor of 20, with a half-life up to 6 days in 2-MeTHF at room temperature. Its triplet ground state and excellent 
persistence may be associated with the unique spin density distribution within the dihydrophenazine moiety, characterizing two 

effective 3-electron C-N bonds analogous to the N-O bond of nitroxide radical. The enantiomerically enriched (ee  94%) (MM)- and 
(PP)-enantiomers of the precursors to the diradicals are obtained by either preparative chiral supercritical fluid chromatography 
(SFC) or resolution via functionalization with chiral auxiliary of the C2-symmetric racemic tetraamine. The barrier for racemization 

of the solid tetraamine is ΔG‡ = 43  0.01 kcal mol-1 in the 483 – 523 K range. The experimentally estimated lower limit of the barrier 

for racemization of diradical, ΔG‡  26 kcal mol-1 in 2-MeTHF at 293 K, is comparable to the DFT-determined barrier of ΔG‡ = 31 kcal 
mol-1 in the gas phase at 298 K. While the enantiomerically pure tetraamine displays strong chiroptical properties, with anisotropy 

factor |g| = |Δε|/ε = 0.036 at 376 nm, |g|  0.005 at 548 nm of the high-spin diradical is comparable to that recently reported 
triplet ground state diradical dication. Notably, the radical anion intermediate in the generation of diradical exhibits large SOMO-

HOMO inversion, SHI = 35 kcal mol-1.                                                           

INTRODUCTION 

Chiral π-conjugated molecules with open-shell structure have 
great potential in the development of material to enable techno-
logical innovations.1-3 The concurrent intrinsic helical chirality and 
electron spin coupling is a compelling molecular property for the 
development of novel organic optoelectronic materials and de-
vices. Nevertheless, only a handful open-shell helical radicals and 
radical ions have been prepared and studied to date, and all of 
them were possessing either S = ½ or low-spin S = 0 ground state.4-

19 Among the elegant examples are S = ½ neutral aminyl radicals 
of [4]helicene and [7]helicene, in which the nitrogen- and carbon-
centered radicals with spin density delocalized within helical π-
systems (Figure 1).4,5  

It is conceivable that the coexistence of strong molecular chirality 
and high-spin ground state could benefit the development of 
novel spin filters.1,20 Notably, the diamagnetic [5]-,   [6]-, and 

[7]helicene derivatives with spin polarizations of 80% were stud-
ied.21-23 High-spin diradicals were theoretically predicted to pro-
vide up to 100% spin polarizations,24,25 and recently, large magne-
toresistance in an open-shell diradical polymer was discovered.26  

 

Figure 1.  S = ½ helical aminyl radicals and double helical S = 1 
diradicals. 

Recently, we reported the first high-spin organic diradical within a 

double helical -system, diradical dication (MM)-12•2+-D2-2SbF6
- 

(Figure 1).27 However, the interference from the counterions 
could make it impractical to form a well-defined thin film.28-31 The 
convergence of the triplet ground state with helical π-systems, an-
ticipated to enhance spin filter efficiency, may be achieved 
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through neutral diradicals (and polyradicals) that are likely to pos-
sess a favorable ability to create high-quality thin films. 

We were elated to serendipitously discover the high-spin aminyl 
diradical (MM)-22•-C2 (Figure 1). Based on Ovchinnikov’s model of 
alternating atom connectivity,32,33 diradical 22•-C2 should have a 
singlet ground state, that is, the 1,5-connected phenazine or 1,5-
connected 9,10-dihydrophenazine should act as an antiferromag-
netic coupling unit (ACU) (Figure 2). However, our DFT computa-
tions show that 22•-C2 has a triplet ground state with a singlet-tri-
plet energy gap, ΔEST = 0.67 kcal mol-1. We notice that the struc-
ture of 22•-C2 consists of two effective 3-electron C-N bonds, anal-
ogous to the N-O bonds in nitroxide radicals.1,34 Therefore, it can 
be rationalized that the 1,5-connected 9,10-dihydrophenazine is 
an effective ferromagnetic coupling unit (FCU) (Figure 2), and thus 
the presence of significant ferromagnetic coupling is observed. Im-
portantly, this unique structural feature akin to nitroxide may pro-
vide excellent radical stability. 

 

Figure 2. A: Diradical (MM)-22•-C2, with blue-highlighted 9,10-
dihydrohydrazine core moiety, and its spin density map at the 
UB3LYP/6-31G(d,p) level of theory; positive (blue) and negative 
(green) spin densities are shown at the isodensity level of 0.002 
electron Bohr-3. B: 9,10-Dihydrophenazine as an FCU because of 
the positive spin densities within N9-C and N10-C fragments 
(highlighted with pink ovals), caused by the resonance within 3-
electron bonds analogous to that in a nitroxide radical. 

Herein we report the synthesis, magnetic and chiroptical 
characterization of high-spin (S = 1) aminyl diradical 22•-C2 
and its enantiomers (MM) and (PP) (Figure 1). In addition, we 
describe practical resolutions of the tetraamine 2-H2-C2, di-
rect precursor to the diradical, using either a chiral auxiliary 
or preparative chiral supercritical fluid chromatography (SFC). 
Notably, (MM)-22•-C2, with ΔEST = 0.42 ± 0.02 kcal mol-1, is by 
far the most persistent among all high-spin aminyl diradicals 

with a half-life, 1/2 = 5.77  0.11 d in 2-methyltetrahydrofu-
ran (2-MeTHF) under vacuum at room temperature. 

 

RESULTS AND DISCUSSION  

Synthesis. We discovered the tetraamine 2-H2-C2 in the process of 
optimizing the oxidation reaction of diamine 3 to 1-D2 (Scheme 1). 
We noticed that when using <1 equiv of oxidant such as benzoyl 
peroxide, in addition to C-C and (N-N)2 triply-coupled 1-D2 and C-
C mono-coupled 1-H4 products,35 a C2-symmetric (C-N)2 di-coupled 
2-H2-C2 product may be isolated in about 20% yield. Remarkably, 
these oxidations lead to near perfect diastereoselectivity for 1-
D2

27,35 and 2-H2-C2 vs. C2h- and Ci-symmetric meso-isomers, respec-
tively.  

Scheme 1. Synthesis and resolution of rac-2-H2-C2. 

 
a Overall recovery for enantiomers with %ee of 94.0 – 97.4. 

To resolve the racemic mixture of (PP)- and (MM)-2-H2-C2, the 
racemate is reacted with n-BuLi, to produce di-lithiated interme-
diate rac-2-Li2-C2, which is then quenched with (1S)-(+)-10-cam-
phorsulfonyl chloride ((1S)-CSC); after workup, two mono-coupled 
diastereomers (S,PP)- and (S,MM)-4 are isolated. (Among classic 
chiral auxiliaries used for resolution of [n]helicenes are chiral si-
loxanes and sulfoxides.36=39) Small amounts of sterically encum-
bered di-coupled diastereomers (SS,PP) and (SS,MM) are also ob-
served by TLC and in 1H NMR and mass spectra of crude reaction 
mixtures. After separation of (S,PP)- and (S,MM)-4 using deac-
tivated silica40 column under ambient pressure, the reductive re-
moval step of the chiral auxiliary (sulfonyl group) by dilithiated (di-
anion of) 4,4’-di-tert-butylbiphenyl41-43 gives enantiomers (MM)- 

and (PP)-2-H2-C2 with isolated yields of 78 and 86%, respec-
tively. The major enantiomer (PP) has an enantiomeric excess, ee 

 97%, based on the chiral SFC analysis (Figs. S1.39 and S1.41, SI).   

The near baseline resolution of (rac)-2-H2-C2 in analytical chiral 
SFC prompted us to explore preparative chiral SFC. The primary 
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advantage of SFC over traditional HPLC originates in much larger 
binary diffusion coefficients in low viscosity CO2, compared to clas-
sical LC phases, leading to a decrease in the separation time by a 
factor of about 5 while maintaining the same separation effi-
ciency.44,45 Starting from ca. 50 mg of racemate, in about 8 h, we 
could recover 57% and 82% of (PP)- and (MM)-enantiomers with 

ee  94%, respectively. In comparison, the chiral auxiliary ap-
proach, with an incomparably greater effort, provided lower re-
covery yields of ≤43% (PP) and ~11% (MM) (Scheme 1 and SI). 

Aminyl diradicals rac-, (PP)- and (MM)-22•-C2 are generated from 
the corresponding tetraamines using our established two-step 
procedure:46-49 (1) the reaction of tetraamine with n-BuLi (2+ 
equiv) in THF/hexane provides the corresponding dianion, and (2) 
following solvent exchange at low temperature to 2-MeTHF, the 
dianion is oxidized to the diradical by addition of I2 via vacuum 
transfer, typically, with subsequent monitoring of reaction pro-
gress by EPR spectroscopy (Scheme 2). 

Scheme 2. Aminyl diradicals: generation and decay in 2-
MeTHF. 

 
 

X-ray crystallography. X-ray structure of tetraamine rac-2-H2-C2 

shows clearly that the molecule adopts an approximate C2-sym-
metric conformation in the crystal (Figure 3). Two secondary 
amine moieties are nearly coplanar, as indicated by small rms de-
viation from the plane of 0.283 Å for the least-squares plane, de-
fined by the N1-N4 and C8-C10, C18-C20, C40-C42, and C50-C52 
atoms, i.e., the dihydrophenazine moiety and N2/N4. As it is likely 
that this coplanarity is maintained in the diradical 22•-C2, it will be 
conducive to a strong exchange coupling between two aminyl rad-
icals centered at N2 and N4. 

   

 

Figure 3. Single crystal X-ray structure of tetraamine rac-2-H2-C2; 
disorder of tert-butyl groups is omitted for clarity. A: Ortep plot 
with carbon and nitrogen atoms depicted using thermal 
ellipsoids set at the 50% probability level. B: Side view of the 
molecule with dihydrophenazine moiety, N2, and N4 shown in 
ball-and-stick. Additional data can be found in the SI: Table S1 
and Figs. S1–S6. 

EPR spectroscopy. EPR spectra of diradical rac-22•-C2
 in 2-

MeTHF/toluene, 1 : 3.41 in the 110 – 152 K range indicate a signif-
icant population of the triplet ground state. The product of para-

magnetic susceptibility (χ) and temperature (T), χT = 0.923  0.004 
emu K mol-1 at 110 K, is obtained for the sample with the relative 
ratio 1.000 : 0.101 of the S = 1 state and S = ½ side-product at 110 
K (Figure 4). The forbidden |ΔmS| = 2 transition displays a modest 
intensity (Figure 5A), which is consistent with a significant spectral 
width (2D = 403 MHz) of the |ΔmS| = 1 region (Figure 4, Table 1).50 

The relative orientations of D-, A-, and g-tensors with respect to 
the plane of the dihydrophenazine moiety in 22•-C2 are distinctly 
different from those for the previously reported S = 1 ground state 
12•2+-D2 and diradical 5 (Chart 1),27,47,48 as summarized in Table 1.  

Table 1. EPR parameters for triplet states of diradicals.a 

Diradi-
cals 

D  
(MHz) 

E 
(MHz) 

AYY/2 
(MHz) 

AZZ/2 
(MHz) 

gXX gYY gZZ 

12•2+-D2 333 47 <4 22 2.0036 2.0035 2.0025 

5 258 58 <2 30 2.0030 2.0043 2.0019 

22•-C2 201 3.9 28 <2 2.0038 2.0026 2.0043 

DFTb –254 –32 +28 <1.2 2.0032 2.0024 2.0042 

DFTc –246 –21 +35 <0.9 2.0029 2.0024 2.0031 

a Microwave frequencies (GHz),  = 9.4387, 9.4645, and 9.2906 for 
diradicals 12•2+-D2, 5 (Chart 1), and 22•-C2, respectively; spectral 
simulations are performed with EasySpin.50 b,c Computed with 
ORCA for 22•-C2 at the B3LYP/EPR-II//UB3LYP-6-31G(d)+ZPVE (gas 
phase) and at the ωB97X-D3/EPR-II//UωB97XD/6-31G(d,p)/PCM-
UFF+ZPVE (THF solvent model) level; see: SI, Table S5.5.57,58 
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Chart 1. Aminyl diradical 5. 

 

The Y-turning points (Y-lines) in the EPR spectrum of 22•-C2, which 
include the second outermost peaks (Figure 4A), are split into pen-
tuplets with spacings of |AYY|/2, where AYY is the largest principal 
value of the 14N hyperfine tensor (the A-tensor) of two nitrogen 
nuclei. This is in contrast to the splitting of the two outermost 
peaks (Z-lines) with spacings of |AZZ|/2, where AZZ is the largest 
principal value of the A-tensor of 14N nuclei in diradicals 12•2+-D2 
and 5, and in other related planar S = 1 aminyl diradicals.27,46-48,51,52   

 

Figure 4. EPR (X-band) spectroscopy of 0.74 mM diradical rac-22•-

C2
 in 2-MeTHF/toluene, 1 : 3.41. A: EPR (110 K,  = 9.2906 GHz) 

spectrum (|ΔmS| = 1 region). Simulation (rmsd = 0.005050) using 
two components (states), S = 1 and S = ½, with the relative 
weights w1 : w1/2 = 1.000 : 0.101. Center lines correspond to the S 
= ½ impurity. B: Quantitative EPR spectroscopy.  At 110 K, χT = 

0.923  0.004 (mean  SE, n = 3) emu K mol-1.   For more details, 
including simulations of EPR spectra, see: Table 1 and SI: Table 
S3.1 and Figs. S1.58 and S1.60. 

In N-centered -radicals, the largest principal value of the 14N hy-
perfine tensor is expected to coincide with the direction of the ni-
trogen 2pπ orbital.53 Therefore, the 2pπ orbital in 22•-C2 can be con-
sidered to be approximately parallel to the Y-axis, which is the di-
rection of the second largest principal value of the D-tensor. As-
suming that the D-tensor primarily originates in the magnetic di-
pole–dipole interactions,54-56 these relative orientations of D- and 
A-tensors in 22•-C2 suggest a “prolate-like” shape of spin density 
that is elongated in the direction of the Z-axis. This contrasts with 

an “oblate-like” shape of spin density in 12•2+-D2 and diradical 5, 
that is compressed in the direction of the Z-axis, which is parallel 
to the 2pπ orbitals.  As expected for π-radicals, including aminyl 
radicals, the smallest principal value of the g-tensor is parallel to 
the 2pπ orbitals, and thus coinciding with the direction of the larg-
est principal value of the A-tensor, such as gYY in 22•-C2 and gZZ in 
12•2+-D2 and diradical 5.  Notably, the absolute values of D, AYY/2, 
and gYY are well reproduced by DFT-computations56,57 for 22•-C2, 
except for the inherently-difficult- to-compute parameter E (Table 
1 and vide infra). 

The values of χT decrease with increasing T (Figure 4B), as ex-
pected for a triplet ground state with moderate value of singlet 

triplet energy gap, EST = 2J/k  100 – 300 K. Nevertheless, the 
quantitative fit is not reliable because of the narrow temperature 
range available for a relatively polar matrix such as 2-MeTHF, and 
thus we carry out SQUID magnetometry for rac-22•-C2

 in 2-MeTHF 

matrix.  

SQUID magnetometry. Using our custom-made EPR/SQUID 
tubes,59,60 we prepared two samples of rac-22•-C2 in 2-MeTHF and 
studied them by consecutive EPR spectroscopy and SQUID magne-
tometry.49 For one of the samples, we adequately accounted for 
diamagnetism by strict point-by-point background subtraction.  
These studies unequivocally confirm the triplet ground state, as 
evidenced by the S = 1 paramagnetic behavior in both the magnet-
ization (M) vs magnetic field (H) and the χT vs. T plots (Figure 5). 

The M/Msat vs H/T plots for rac-22•-C2 at 1.8, 2, 3, and 5 K closely 
follow the S = 1 Brillouin function. The curvature of the plots, 
which does not depend on the radical concentration or the 
amount of sample, indicates that the measured S ≈ 1.0 is the 

ground state. The magnetization at saturation, Msat = 0.80 B, in 
the Figure 5B plot indicates spin concentration of 80%, which 
agrees well with the mass factor, w = 0.82, obtained from the fits 
of the χT vs. T data. Both Msat and w account for the EPR-deter-
mined content of S = ½ monoradical in Figure 5A, see: next para-
graph. 

The χT vs. T data were fit to a diradical-plus-monoradical model, 
in which molar fractions of paramagnetic S = 1 diradical (x1) and S 
= ½ monoradical (1 – x1) are fixed, based upon EPR spectra of the 
SQUID samples, e.g., Figure 5A. The fits involve two variable pa-
rameters: the singlet triplet energy gap, 2J/k, and the mass factor, 
w, accounting for inaccuracies in mass balance. To account for 
very weak inter-molecular interactions (compared to 2J/k) be-
tween diradical (and monoradical) molecules at low T, i.e. when 
the data extend down to T = 1.8 K, an additional variable, the 

mean-field parameter,  (K), is utilized.  

For two samples of rac-22•-C2, the acquired six sets of data (mean 
± SE, n = 6) provide the average values of 2J/k = 208 ± 12 K and 
ΔEST = 0.42 ± 0.02 kcal mol-1 (Figure 5 and SI). 
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Figure 5. EPR/SQUID magnetic characterization of 25 mM 
diradical rac-22•-C2 in 2-MeTHF. A: EPR (X-band) spectrum in 2-
MeTHF at 117 K after the SQUID magnetic studies. Inset plot: 
|ΔmS| = 2 region. Simulation of the |ΔmS| = 1 region, using two 
components (states) with S = 1 and S = ½, indicates their relative 
weights w1 : w1/2 = 1.000 : 0.402. B: M/Msat vs H/T plots, at T = 
1.8–5 K (symbols) and the Brillouin curves corresponding to S = 

1/2–2 (lines); Msat = 0.80 B. C: raw χT vs T data at H = 30000 Oe 
in the T = 30 – 140 K range were fit to a model, with molar 
fractions of diradical and monoradical fixed by the EPR spectra, 
using two variable parameters (Eq. S8, SI): singlet–triplet energy 
gap, 2J/k and mass factor, w. The values of variable parameters, 

mean  standard error, parameter dependence, DEP, statistically 
adjusted coefficient of determination, R2

adj, and standard error of 

estimate, SEE are as follows: in the warming mode, 2J/k = 231  

3.1 K, w = 0.817  0.0006, DEP = 0.717, R2
adj = = 0.9712, SEE = 

0.0018; in the cooling mode, 2J/k = 233  3.6 K, w = 0.819  
0.0006, DEP = 0.677, R2

adj = 0.9662, SEE = 0.0019. Further details 
are reported in the SI: Tables S1.15 and S1.16, Figs. S1.85–S1.88, 
and Eq. S8. 

UV-vis and ECD spectroscopy of tetraamine and its barrier for 
racemization. UV-vis and electronic circular dichroism (ECD) spec-
tra for 2-H2-C2 are shown in Figure 6. The double helical (PP)- and 
(MM)-enantiomers of neutral tetraamine are associated with neg-
ative and positive ECD couplets at the longest wavelength, 

respectively. This observation is confirmed by TD-DFT computa-
tions (Figure 6 and SI). The ECD spectrum with the negative cou-
plet at the longest wavelength is invariably associated with the (M) 

and (MM) enantiomers of helical and double helical -sys-
tems,27,61 with many exceptions for double helical systems.62-64 

Notably, the enantiomer of neutral tetraamine (PP)-2-H2-C2 exhib-
its moderately strong chirooptical properties, as determined by 

the absorption anisotropy factor, |g| = |Δε|/ε = 0.036 at   = 376 
nm (Figure 6). This factor is comparable to |g| = 0.039 and 0.035 
reported for other double helices, carbon-sulfur and bis-perylene 
diimide65,66 but smaller than |g| = 0.052 for expanded [23]heli-
cene67,68 and |g| = 0.20 for Zn(II)-helicate.62,69 

 

Figure 6. A: UV-vis absorption spectrum of tetraamine (PP)-2-H2-
C2 in cyclohexane. B: ECD spectra of (PP)- and (MM)-2-H2-C2. in 

cyclohexane with a plot of anisotropy factor |g| = |Δε|/ε vs . 
TD-DFT computed ECD spectrum for (PP)-2-H2-C2. For further 
details, see: SI: Table S1.11, Figs. S1.73–S1.75.   

The barrier for racemization of tetraamine (MM)-2-H2-C2 (%ee 

94.4) is measured at 210, 230, and 250 C, by using two solid sam-
ples at each temperature. Following heating for 1 – 56 h, the en-
antiomer-content for all six samples is analyzed by analytical SFC, 
showing decreased ee 88.6 – 79.4%. These data provide the bar-

rier for racemization ΔG‡ = 43.00  0.01 kcal mol-1 in the 210 – 250 

C range (Table S2.1, SI). Because of the narrow temperature 
range, with three temperature data points, the data fitting to the 
linearized Eyring equation is not very reliable with respect to de-
termination of ΔS‡, though statistically adjusted R2 is 0.9998.  The 

fit provides the following activation parameters:  ΔH‡ = 42.6  0.5 

kcal mol-1 and ΔS‡ = –0.8  0.9 cal mol-1 K-1, i.e., practically, the 

entropy of activation, ΔS‡  0 cal mol-1 K-1, is negligible (Table S2.2, 

SI). The free energy barrier, ΔG‡ = 43.00  0.01 kcal mol-1, is com-
parable to ΔG‡ = 42.4 kcal mol–1 in all-phenylene [8]helicene,70 or 
ΔG‡ = 39.0 ± 0.2 kcal mol–1 in carbon-sulfur [7]helicene,36 and it is 
much higher than ΔG‡ = 24.1 kcal mol–1 in all-phenylene [5]heli-
cene, which racemizes at 298 K with a half-life of 50 min.71,72 

Decay of diradical and monoradical. We monitor the decay of 
diradical (MM)-22•-C2 and related monoradical (MM)-2•-H-C1 by 
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quantitative EPR spectroscopy, in conjunction with simulations of 
the spectra at each time point. The relative weights w1 and w1/2 
for S = 1 and S = 1/2 states, obtained from simulations of EPR spec-
tra, and values of χT (EPR), based on TEMPONE reference, are used 
to estimate the weight of diamagnetic tetraamine, w0, from Eq. S3 
(SI).49 The resultant corrected molar fractions X1, X1/2, and X0 at 
117 K (Eq. S3, SI) are determined for S = 1 diradical, S = ½ mono-
radical, and diamagnetic tetraamine (including singlet excited 
state of diradical), respectively (Scheme 3, Figure 7). 

The corrected molar fractions, X1 = A(t) and X1/2 = B(t) for the dirad-
ical and monoradical (Scheme 3 and Eqs. S3A-C, SI), respectively, 
are then fit to the integrated kinetic equations (Eqs. S2A&B, SI). To 
minimize parameter dependence in each fit, we use only two var-
iable parameters, the starting molar fraction and the rate constant 
(Figure 7 and Table S1.10, SI). 

Scheme 3.  Decay of S = 1 diradical: consecutive first order 
kinetics. 

 

 

Figure 7. Decay kinetics of S = 1 diradical (MM)-22•-C2 (A) and S = 
½ monoradical (MM)-2•-H-C1 (B) in 2-MeTHF at 293 K. The data 
are from quantitative EPR spectroscopic monitoring at 117 K. 
Molar fractions X1 and X1/2, which are corrected for the presence 
of diamagnetic tetraamine products and S = 0 excited state of 
diradical, correspond to S = 1 diradical and S = ½ monoradical, 
respectively. Fits are based on the Scheme 3 (above), using Eqs. 
S2A&B, SI. More details may be found in the SI: Eqs. S3A-C, 
Tables S1.5, S1.6, and S1.10, Figs. S1.62–1.64, and S1.66.   

For diradical (MM)-22•-C2 and monoradical (MM)-2•-H-C1, half-

lives 1/2 = 5.8  0.1 d and 1/2 = 12.1  0.6 d are obtained and the 
anticipated  k1 > k2 is observed.47,49 Similar to the decay of aminyl 
triradical,49 when fitting the double integrated intensity (DI) of the 

diradical Z-line (instead of X1 = A(t)), a somewhat inflated 1/2 = 9.0 

 0.6 d is obtained for the identical sample of (MM)-22•-C2 (Fig. 
S1.63A, SI); for comparison, an analogous fit for the best sample 

of enantiomer (PP)-22•-C2 gives a much shorter 1/2 = 3.1  0.3 d 
(Fig. S1.63B, SI). For these two samples after ca. 1 day at room 
temperature, relative contents of S = 1 diradical vs S = ½ 

monoradical are 1 : 1.78 (MM) and 1 : 1.21 (PP), based on simula-
tions of their EPR spectra (Tables S1.5 and S4.1, SI).   

We note that the 1/2 values of the diradical correlate with its rel-
ative content (vs. monoradical) in the sample at the initial time 
point, i.e., a higher content corresponds to a shorter half-life. This 
is perhaps best illustrated by the decay kinetics of various samples 
of rac-22•-C2 (e.g., Table 1.10, SI). In particular, the sample with a 
large diradical-to-monoradical ratio in Figure 4, shows a much 

shorter 1/2 = 0.019 – 0.060 d, as determined from –lnX1 vs. time 

data. It should be noted that values of 1/2 are very approximate 
in such samples, especially in the initial stages of the decay. We 

postulate that these shorter 1/2 imply faster reactions of aminyl 
diradical with excess of I2 that is required to attain a high yield of 
diradical, analogous to that found for recently studied aminyl tri-
radical.49  

The spectrum of monoradical rac-2•-H-C1 at 293 K, featuring g = 
2.0030 and well resolved one-nucleus hyperfine couplings, A(14N) 
= 20.5 MHz and A(1H) = 8.46 MHz, is observed toward the very end 
of the decay of racemic diradical (Fig. 1.70, SI).  

The previously reported diradical 5 (Chart 1) and corresponding 

monoradical, which are devoid of excess of iodine, possess 1/2 = 

2.83  0.03 h and 6.57  0.03 h in 2-MeTHF at room temperature, 
as determined by EPR spectroscopic monitoring.47 Similarly,  for 
more spin-dilute, triphenylene-based aminyl diradical and mono-

radical, 1/2 = 12.8  0.4 h and 18.3  0.8 h are found.49 With half-
life of up to a few days, (MM)-22•-C2 is distinctly the most persis-
tent high-spin aminyl diradical to date.  

UV-vis-NIR and ECD spectroscopy. We first obtain ECD spectra of 
enantiomers of diradical at 274 K (Figure 8).   

 

Figure 8. Initial ECD spectra of 0.32 mM (PP)-22•-C2 and 0.29 mM 
(MM)-22•-C2 in 2-MeTHF at 274 K, prior to sample warm up to 
room temperature (293 K). More details may be found in Table 
S1.11 and Fig. S1.76, SI.   

We note that the spectra (Figure 8) are not exact mirror images 
because of different %ee of the precursor tetraamine and sample-
dependent efficiency for the generation of diradicals, as well as 
the approximate concentrations of diradicals. 

After warming up to room temperature, the samples are studied 
by both EPR spectroscopy (preceding section) and UV-vis-NIR and 
ECD spectroscopy (Figure 9). Notably, the initial ECD spectra at 
room temperature of both enantiomers show minor changes in 
intensities from the initial spectra at 274 K (SI).   

The decay of spectral intensity in Figures 9A and 9D appears to be 
on a qualitatively similar time scale as in EPR spectroscopy (Figure 
7). Because the EPR, ECD, and UV-vis-NIR spectra are obtained 
within 2 – 3 hrs, we can use the EPR-derived molar fractions to 
extract the ECD and UV-vis-NIR spectra for the pure diradical and 
monoradical (Eqs. S5A&B, SI). The extracted spectra shown in Fig-
ures 9B, C, E, and F are reasonably reproduced by TD-DFT 
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computations (see below: DFT computations section); also, as ob-
served for (MM)-tetraamine, the longest wavelength ECD absorp-

tion computed by TD-DFT corresponds to a positive sign of  for 
the (MM)-enantiomer of diradical (Figure 9D). 

   

 

 

Figure 9. UV-vis-NIR absorption spectra (A – C) and ECD spectra 
(D – F) of diradical (MM)-22•-C2 and S = ½ monoradical (MM)-2•-
H-C1 in 2-MeTHF at 293 K. UV-vis-NIR (A) and ECD (D) spectra for 
(MM)-22•-C2 after annealing for 0 – 1000 h at 293 K. Derived 
spectra for (MM)-22•-C2 (B and E) and (MM)-2•-H-C1 (C and F), 
together with TD-DFT computed spectra for S = 1 (MM)-22•-C2 
and S = ½ (MM)-2•-H-C1 at the UωB97XD/6-31G(d,p)/IEF-PCM-
UFF+ZPVE (in THF) level of theory. 

The diradical possesses considerably more intense ECD spectra, 
compared to the monoradical. This is reflected by absorption ani-

sotropy factors, |g|  0.0048 at 548 nm and |g|  0.0022 at 539 
nm, for the diradical and monoradical, respectively (Figs. S1.82 
and S1.83, SI). For comparison, triplet ground state diradical dica-
tion (M,M)-12•2+-2SbF6

– in dibutylphthalate has similar |g| = 0.005 
at 385 nm27 and various singlet ground state N-centered biradical 
dications have the range of|g| from 0.001 at 920 nm to 0.0046 at 
652 nm.14,15,19 In addition, |g| = 0.0038 at 316 nm was reported 
for porphyrin-[6]helicene-based C-centered S = ½ radical.11     

Estimates of the racemization barrier for diradical. The conver-
sion of tetraamine to aminyl diradical, corresponds to the loss of 
two hydrogen atoms positioned at inner parts of the [5]helicene-
like moieties. Therefore, a significant decrease of the racemization 
barrier in (MM)-22•-C2 may be expected. 

We isolated tetraamine (MM)-2-H2-C2 in 75% yield as the final 
product after the EPR/UV-vis-NIR/ECD spectroscopic monitoring 

experiments (Figures 7 and 9). Notably its %ee has decreased from 
the initial value of 94.2 to a value of 86.2. Based on these values, 
and assuming total time equal to half-life of 5.8 d for the diradical, 

the barrier for racemization of (MM)-22•-C2 is estimated as ΔG‡  
26.6 kcal mol-1, which may be viewed as an approximate lower 

limit of 26 kcal mol-1.  

Notably, this value is comparable to the racemization barrier for 

(MM)-22•-C2, ΔG‡  26 kcal mol-1, determined by considering a dif-
ference in first order rate constants obtained by ECD vs UV-vis 
spectral monitoring of the diradical decay (SI, Section 1e, Fig. 
S1.77). For comparison, [4]helicene-based aminyl radical, pos-
sessing two sterically encumbered methoxy groups (Figure 1), rac-
emizes with ΔG‡ = 26.7 kcal mol-1.4 

DFT computations. All DFT geometry optimizations and TD-DFT 
computations are carried out with Gaussian 16.58 EPR spectral pa-
rameters for radicals were computed by ORCA.57   

Barriers for racemization: Barriers for racemizations of (MM)-22•-
C2 and tetraamine (PP)-2-H2-C2 are computed at the UB3LYP/6-
31G(d,p)+ZPVE (gas phase) and RωB97XD/6-31G(d,p)/IEF-PCM-
UFF+ZPVE (cyclohexane) level of theory,73 respectively. The free 

energy (G at 298 K) surface for racemization of (MM)-22•-C2 con-
sists of two enantiomeric C2-symmetric global minima, two enan-
tiomeric C1-symmetric transition states and a Ci-symmetric, meso 
intermediate (Figure 10 and Fig. S5.1, SI).   

 

Figure 10. Free energy (G at 298 K) surface for racemization of 
the triplet state of aminyl diradical 22•-C2 at the UB3LYP/6-

31G(d,p)+ZPVE level of theory; in brackets, values of G at 500 K 
for racemization of tetraamine 2-H2-C2 at the RωB97xD/6-
31G(d,p)/IEF-PCM-UFF+ZPVE (in cyclohexane) are given. 

An analogous surface is found for tetraamine. The free energies, 

G, for the global minima are 7.5 kcal mol-1 (diradical) and 6.6 
kcal mol-1 (tetraamine) below the Ci-symmetric meso intermedi-
ates (MP). However, the C1-symmetric enantiomeric transition 
states, (MP) and (PM), are ΔG‡ = 31.2 kcal mol-1 (diradical) and ΔG‡ 
= 46.2 kcal mol-1 (tetraamine) above the global minima. These 
DFT-computed values of ΔG‡ compare well with the experimen-

tally determined lower limit of ΔG‡  26 kcal mol-1 for the diradical 

and measured ΔG‡ = 43.00  0.01 kcal mol-1 for the tetraamine.  

Singlet-triplet energy gaps: The energy gaps, EST, corrected for 
spin contamination (Eq. S9, SI),74,75 are computed at the 

UB3LYP/6-31G(d,p)+ZPVE level of theory. Values of EST = 0.67, 
0.89, and 1.38 kcal mol-1 are obtained for 22•-C2, 22•-Ci, and the 
transition state for racemization, respectively. As expected for this 
level of theory, the computed value for the ground state triplet C2-
symmetric diradical is somewhat overestimated,75-78 compared to 

the experimental EST = 0.42  0.02 kcal mol-1. 
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Electronic absorption spectra: UV-vis-NIR and ECD absorption 
spectra for tetraamine (MM)-, (PP)-2-H2-C2, S = 1 diradical (MM)-, 
(PP)-22•-C2 and S = ½ monoradical (MM)-, (PP)-2•-H-C1 were ob-
tained by TD-DFT computations. The computations of the diamag-
netic species are carried out in cyclohexane or dichloromethane 
solvent models at the RωB97XD/6-31G(d,p)/IEF-PCM-UFF+ZPVE 
level, while the paramagnetic species in THF solvent model are at 
the UωB97XD/6-31G(d,p)/IEF-PCM-UFF+ZPVE level of theory. At 
the longest wavelength, an intense transition with a sign opposite 
to that for the helicity is obtained, i.e., negative for (PP)- and pos-
itive for (MM)-enantiomers (Figures 6B and 9D, Table S5.2, SI).   

Notably, this inverted sign for the longest wavelength ECD transi-
tion is also found for tetraamine (PP)-2-H2-C2 and its single helix 
model compound (P)-6-C1 in a cyclohexane solvent model at the 
RCAM-B3LYP/6-31G(d,p)/IEF-PCM-UFF and RωB97XD/6-
31G(d,p)/IEF-PCM-UFF+ZPVE levels (Table S5.2, SI). For the triplet 
ground state of diradical (PP)-22•-C2, there are two longest wave-

length transitions at  = 778 and 753 nm with relative rotatory 
strengths, R (length) = +9.8 and –56.3, respectively (Table S5.2, SI); 

consequently, in Figure 9D, the peak at  = 753 nm dominates as 
the longest wavelength transition, after Gaussian broadening. For 
monoradical (PP)-2•-H-C1, a single, well separated, longest wave-

length transition at  = 760 nm with relative rotatory strength, R 
(length) = –21.2, is found (Table S5.2, SI).  

EPR spectral parameters: EPR parameters for S = 1 state of diradi-
cal (MM)-22•-C2 are computed at the B3LYP/EPR-II//UB3LYP-6-
31G(d)+ZPVE (gas phase) and the ωB97X-D3/EPR-II//UωB97XD/6-
31G(d,p)/PCM-UFF+ZPVE (THF solvent model) levels; both compu-
tations give a reasonable agreement with the experiment (Table 
1).  In particular, the orientations of D-, A-, and g-tensors are in 
perfect agreement with the experiment. Values of |D| for aminyl 
diradicals (and triradicals) are typically overestimated by about 
100%, compared to the experiment.48,51,52 However, for 22•-C2, the 
computed values of |D| are overestimated by about 25%, similarly 
to that for aminium diradical dication 12•2+-D2-2SbF6

-.27 Also, we 
note that the 14N-hyperfine splitting, |AYY|/2, of the Y-line pentu-
plets in 22•-C2 is perfectly reproduced at the B3LYP/EPR-II level and 
a bit overestimated at the ωB97X-D3/EPR-II level (Table 1). For 
monoradical 2•-H-C1, computed at the ωB97X-D3/EPR-II level, iso-
tropic 14N- and 1H- hyperfine splittings, Aiso = 24.4 and –12.7 MHz, 
are somewhat overestimated, compared to the corresponding ex-
perimental values (absolute values) of 20.5 and 8.46 MHz. The 
computed EPR g-value, giso = 2.0028 is found to be in good agree-
ment with experimental g = 2.0030 (Tables S5.5 and S5.6, SI).   

Aminyl radical anions and SOMO/HOMO inversion: The aminyl 
radical anion 2•--C1, the intermediate in the I2-mediated oxidation 
of dianion to aminyl diradical 22•-C2 (Scheme 2), is a one-electron 
reduced species that is related to the high-spin diradical. Thus, it 
has potential to display SOMO/HOMO energy level inversion 
(SHI).1,79-82 

We have recently defined two quantitative measures of SHI:1 

SHI = [(-HOMO + -HOMO)/2] – -SOMO (1) 

SHI = -HOMO – -SOMO  (2)  

SHI, as expressed in Eq. 1, is the difference in energy of electrons 

in HOMO (average of -MO and -MO) vs. SOMO (-MO); i.e., SHI 
> 0 implies that the energy of the SOMO is below the energy of the 

HOMO on a per electron basis. As described in Eq. 2, SHI > 0 cor-
responds to a conventional, more restrictive definition of 
SOMO/HOMO inversion. We prefer to use SHI because it is ex-
pressed on per electron basis, and typically shows a good linear 

correlation with EST in the corresponding diradicals.1  

We carry out a geometry optimization of radical anion (PP)-2•- at 
the UB3LYP/6-31+G(d,p)+ZPVE level of theory, starting with the 
C2-symmetric triplet geometry of the (PP)-diradical, to produce 
the 2•--C2 structure that possesses a stable wave function. Spin 
density in the radical anion structure is distributed equally over 
the two aminyl nitrogens (Figure 11A), and values of SHI = 7.52 

kcal mol-1 and SHI = 0.59 kcal mol-1 are obtained.1   

An analogous geometry optimization of radical anion (PP)-2•- at 
the UωB97xD/6-31G(d,p)/IEF-PCM-UFF+ZPVE (THF) level provides 
a C2-symmetric minimum (SHI = 12.8 kcal mol-1). However, its 
wave function is unstable, with respect to symmetry breaking to 
the C1 point group. Re-optimization of this structure, gives a C1-
symmetric minimum of radical anion (SHI = 37.1 kcal mol-1); fur-
ther re-optimization, utilizing the 6-31+G(d,p) basis set, provides 
the final C1-symmetric structure with SHI = 35.4 kcal mol-1 and 

SHI = 35.2 kcal mol-1 (Figure 11B&C). Both C1-symmetric struc-
tures possess a spin density that is unequally distributed over the 
two aminyl nitrogens, as illustrated for one of them in Figure 11B. 
We note that this large SHI is comparable to SHI = 27 – 41 kcal mol-
1 computed in radical anions derived from various nitronyl nitrox-
ide- or oxo-verdazyl-based high-spin diradicals – all possessing 

multiple (from 2 to 4) three-electron bonds within their -sys-
tems.1   

 

Figure 11. DFT computations for aminyl radical anion (PP)-2•-. 
Spin density distributions, are shown at the iso-density level of 
0.002 electron/Bohr3, for 2•--C2 at the UB3LYP/6-31+G(d,p) (gas 
phase) level (A) and 2•--C1 at the UωB97xD/6-31+G(d,p)/IEF-PCM-
UFF (THF) level (B). Orbital maps for the C1-symmetric structure 
of the radical anion, shown above. Positive (red) and negative 
(blue) contributions are displayed at the isodensity level of 0.02 
electron/Bohr3 (C). Additional data may be found in the SI: Tables 
S5.3 and S5.4.  

 

CONCLUSION 

We have prepared the first high-spin (S = 1) neutral diradical, with 
delocalized spin density within an enantiomerically enriched heli-

cal -system. The unusual spin density distribution in the diradical, 
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which embodies two 3-electron C-N bonds, is correlated with its 
triplet ground state and excellent persistence at room tempera-
ture. We postulate that the presence of two 3-electron bonds in 

the corresponding diradical with relatively low EST, may contrib-
ute to the computed large SOMO-HOMO inversion of ca. 35 kcal 
mol-1 in aminyl radical anion 2•--C1. 

 

EXPERIMENTAL SECTION 

Synthesis, resolution of rac-2-H2-C2 with chiral auxiliary, and DFT 
computations are described in detail in the SI. 

X-ray Crystallography of Tetraamine rac-2-H2-C2 

Crystals of rac-2-H2-C2 were obtained by sublimation at 350 C.  
Data were collected at 130 K using Mo Kα radiation and integrated 
(SAINT).83 Intensity data were corrected for absorption.84 Space 
group C2/c was determined based on intensity statistics and sys-
tematic absences. The structure was solved with intrinsic methods 
and refined on F2 using SHELX suite of programs.85,86 Crystal data 
are as follows: C64H76N4, Mr = 901.29 g mol–1, colorless/violet 
block, 0.20 × 0.10 × 0.10 mm3, monoclinic, C2/c, μ(Mo Kα) = 0.061 
mm–1, θmax = 26.40°, 77,980 reflections measured, 11,528 inde-
pendent (Rint = 0.0566), R1 = 0.0454 [I > 2σ(I)], wR2 = 0.1287 (all 
data), goodness of fit on F2: 1.011, residual density peaks: 0.338 
and −0.230 e Å–3. The remaining electron density is in the vicinity 
of the three disordered t-butyl groups.  The structure features po-
tential solvent accessible voids of 1128 Å3 per unit cell with no sig-
nificant electron density (<0.2 e Å-3).87 Additional crystal and struc-
ture refinement data for rac-2-H2-C2 are in the Supporting Infor-
mation and the file in CIF format, deposited to CCDC. 

SFC 

Resolution of tetraamine rac-2-H2-C2, using SFC on a preparative 
scale, is implemented with Teledyne LABS ACCQPrep SFC instru-

ment, equipped with ChromegaChiral prep column (CCO, 5-, 20 
mm x 250 mm). The instrument allows for efficient, automated 
stacked injections, which were necessary due to the limited solu-
bility of the compounds. Total instrument time required to resolve 
50-mg sample of rac-2-H2-C2, including fraction recycling, was 
about 8 hours. Enantiomeric excesses of samples (and fractions) 
from resolutions by chiral auxiliary (and by SFC) were analyzed 
with Agilent 1260 Infinity SFC, equipped with a ChromegaChiral-

column (CCO, 5-, 4.6 mm x 150 mm). Values of %ee were derived 
from BiGaussian fits. 

EPR Spectroscopy and SQUID Magnetometry 

CW EPR spectra (X-band) are obtained on a Bruker EMX+ equipped 
with a Bruker high-sensitivity cavity (Figures 4, 5, and 7). The sam-
ples of 22•-C2 in 2-MeTHF (or 2-MeTHF/toluene) are typically en-
closed in a 4- or 5-mm O.D. EPR tubes fused to a high-vacuum 
Kontes stopcock with solv-seal joint. The spectra are simulated 
with EasySpin, using either pepper or garlic modules.50  

Magnetic data (Figure 5) are acquired using SQUID magnetometer 
(MPMS-5S/XL). Samples of 19 and 25 mM rac-22•-C2 in 2-MeTHF 
were flamed-sealed in our custom-made EPR/SQUID tubes; the 5-
mm O.D. tubes (thin wall EPR-quality quartz) contain a thin and 
flat “false bottom” ca. 5 – 6 cm from the end of the tube.59,60 The 
tubes are attached with heat-shrink tubing to the modified sample 
rod, and then transferred rapidly from liquid nitrogen to the sam-
ple chamber of the magnetometer at 10 K, under helium atmos-

phere. To obtain values of EST, the T vs T data are numerically 
fit to Eq. S8 (SI), which also accounts for paramagnetic saturation 
effects at low temperatures.88 More details may be found in the 
SI.  

UV-vis-NIR and ECD Spectroscopy 

UV-vis-NIR and ECD absorption spectra of enantiomerically en-
riched diradicals in 2-MeTHF are obtained in custom-made 
Schlenk vessels (containing 1-mm or 2-mm path-length quartz cu-
vette); one of the Schlenk vessels also included 4-mm O.D. EPR 
tube. In a typical set of experiments, ECD spectra of enantiomeri-
cally-enriched diradical are initially acquired at 274 K, which are 
then followed by the UV-vis-NIR, ECD, and EPR spectra at room 
temperature.  
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