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Abstract

We report an air-stable diradical dication of chiral 0,-symmetric conjoined bis[5]diazahelicene
with unprecedented high spin (triplet) ground state, singlet triplet energy gap, AEst = 0.3 kcal mol
1. The diradical dication possesses closed-shell (Kekulé) resonance forms with 16 w-electron
perimeters. The diradical dication is monomeric in dibutylphthalate (DBP) matrix at low
temperatures, and it has a half-life of more than two weeks at ambient conditions in the presence
of excess oxidant. A barrier of ~35 kcal mol~1 has been experimentally determined for inversion
of configuration in the neutral conjoined bis[5]diazahelicene, while the inversion barriers in its
radical cation and diradical dication were predicted by the DFT computations to be within a few
kcal mol™1 of that in the neutral species. Chiral HPLC resolution provides the chiral D,-symmetric
conjoined bis[5]diazahelicene, enriched in (P,A)- or (M, M)-enantiomers. The enantiomerically
enriched triplet diradical dication is configurationally stable for 48 h at room temperature, thus
providing the lower limit for inversion barrier of configuration of 27 kcal mol~1. The enantiomers
of conjoined bis[5]diazahelicene and its diradical dication show strong chirooptical properties that
are comparable to [6]helicene or carbon-sulfur [7]helicene, as determined by the anisotropy
factors, |gl = |4el/e = 0.007 at 348 nm (neutral) and |g| = 0.005 at 385 nm (diradical dication). DFT
computations of the radical cation suggest that SOMO and HOMO energy levels are near-
degenerate.
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INTRODUCTION

The inherent optical and magnetic properties that arise from a combination of helicene
chirality! and unpaired electron spin delocalization within helical rt-systems of organic
molecules are of fundamental interest to the discovery and development of novel organic
optoelectronic materials and devices.2 There are very few open-shell helical molecules
with such a distinctive combination of properties, and they are mostly represented by radical
ions of short helical structures. Examples are a [4]helicene diazaphenalenyl aminyl and
quinacridinyl radicals, [5]helicene phenalenyl radical (and related [5]helicene singlet
biradicals), air stable [6]helicene porphyrin-based radical, and hetero[7]helicene radical
cations (and aminyl radical) (Figure 1).6-12

In spite of the recent breakthroughs in the design and synthesis of robust high-spin ground
state diradicals,}3:14 a high-spin diradical that is imbedded within the r-conjugated helices
remains unknown. Combined molecular properties of strong chirality and high-spin ground
state could be beneficial to the development of novel magnetic materials. Considering that
[5]helicene-derivatives are known to provide efficient spin filtering with ca. 50% spin
polarizations,2 while high-spin diradicals were computed to provide up to 100% spin
polarizations,® high-spin chiral rt-conjugated helical molecule is promising as an organic
spin filter.

We have developed a straightforward synthesis of a double helical structure, the chiral
conjoined bis[5]diazahelicene 1-D, incorporating dihydrazine moiety (Figure 2)1° that is
anticipated to be readily oxidized to radical cations. Especially, the corresponding radical
cation 1°* and diradical dication 12°2* are of interest for investigating the delocalized
electron spins within chiral rc-conjugated system.

Upon examination of the simplified structure of 1-,, dihydrazine 1a (4,5,9,10-
tetrahydro-4,5,9,10-tetraazapyrene, Figure 2), we found the presence of closed-shell
(Kekulé) resonance form in diradical dication, 1a2*2*, which possesses an even alternant -
system. This would imply that the diradical dication should possess a singlet ground state.16
We also note that those Kekulé resonance forms possess 16 m-electron perimeters, which
suggests that they are relatively destabilized because of Hiickel antiaromaticity. The non-
Kekulé resonance forms of 1a2*2* also possesses Hiickel antiaromatic 16 rc-electron
perimeters, but these are more than offset by two Hiickel aromatic Clar sextets, thus leading
to relative stabilization of open-shell forms.

Here we report the unexpected finding that the diradical dication 1a2*2* 2SbFg™~ possesses
triplet ground state with a singlet triplet energy gap, AEgt = 0.3 kcal molL. The diradical
dication is monomeric in dibutyl phthalate (DBP) solution and it is stable at ambient
conditions with a half-life of more than two weeks. The diradical dication possesses an even
alternant rc-system and resonance forms with 16 rc-electron perimeters, which, in
conjunction with the triplet ground state, appear to conform to the criteria of Baird
aromaticityl’ — a topic of wide interest.18 Nevertheless, the literature reports to date include
non-alternant rc-systems with relatively low AEst <0.1 kcal mol=1.19 However, some exotic

JAm Chem Soc. Author manuscript; available in PMC 2020 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuetal. Page 3

carbocation (and carbanion) structures, with non-alternant w-systems, were computed to
possess large A£sT,20 similarly to a classic triplet ground state cyclopentadienyl cation.2!

RESULTS AND DISCUSSION

Synthesis and Electrochemistry.

The bis[5]diazahelicene 1-D; is prepared from diamine 2 by a one-pot reaction, in which the
fused ring structure is obtained by two N-N and one C-C bond forming reactions (Scheme
1).15 Optimization of the reaction conditions and product purification provided racemic 1-D,
in 60+% isolated yield; the other possible diastereomer, Con-symmetric /meso-compound,
i.e., 1-Cop, Which is thermodynamically controlled product,1® was not detectable in 1H NMR
spectra of crude reaction mixtures.

Cyclic voltammetry of 1-D, in 0.1 M tetrabutylammonium hexafluorophosphate ([/+BusN]*
[PFg]™) in dichloromethane (DCM) shows reversible voltammogram consisting of two
waves at £1° = +0.393 + 0.011 V and £,° = +0.993 + 0.020 V (Figure 3). As shown in Table
1, these potentials are below those of fused bicyclic tetraarylhydrazine 3
(benzo[cJbenzo[3,4]cinnolino[1,2-4]cinnoline),?2 tetraphenylhydrazine (PhoNNPh,),23
azathia[7]helicene,12 and thia[7]helicene.242° The first and the second waves most likely
correspond to a one-electron oxidation of 1-D; to its radical cation (1°* PFg™) and to a two-
electron oxidation to its diradical dication (12°2* 2PFg"), respectively; in addition, we
observe a third one-electron wave at £3° ~ 1.53 (Fig. S2, SI).

Oxidation of 1-D.

We explored chemical oxidation of 1-5, in which experiments are carried out in a custom-
made Schlenk vessel, which designed for in situ EPR or EPR/UV-vis-NIR spectroscopic
measurements to monitor the oxidation process.11:12

Radical Cation.—A brief exposure of 1-D, in DCM to an approximately stoichiometric
amount of AgBF, or sub-stoichiometric amounts of thianthrene radical cation ([Th] **
[BF4]~, £1° ~ +1.26 )26 at room temperature provides a purple colored reaction mixture. A
well-resolved nine-line EPR spectrum, corresponding to the coupling of four equivalent /=
1 14N nuclei with effective 1*N-hyperfine coupling constant, A(**N) = 10.0 MHz, and
isotropic g = 2.0030,27 is assigned to radical cation 1°* BF,~. Spin counting experiment at 7
=294 K gives y 7~ 0.31 emu mol~1 K, corresponding to ~82% content of radical cation 1°*
BF,4~ in DCM solution, which remains unchanged even after 24 h at room temperature (Fig.
S8, SI). The UV-vis-NIR spectrum shows intense bands at Apy3x = 322 and 538 nm (with a
shoulder at 577 nm) and very broad NIR bands ranging from 740 to 880 nm (Figure 4).

When ca. 2 equivalents of [Th] **[BF4] (£ (V) ~ +1.26 V) are used, a broad EPR
spectrum at room temperature is observed instead of the well-resolved nine-line spectrum,
while EPR spin concentration is sharply decreased. Evidently, addition of 1+ equivalent of
[Th] **[BF4]" produces the triplet diradical dication, of which EPR spectrum at room
temperature in fluid DCM is effectively broadened to the baseline. In such case, the spin
concentration of the remaining S= % radical cation is mainly measured. Noticeably, new
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bands at Amax = 331, 553, 651, and 899 nm are observed in the UV-vis-NIR spectrum (Fig.
S10, SI).

Diradical Dication.—We examine nitrosonium hexafluoroantimonate [NO]*[ShFg] ™ in
dibutyl phthalate (DBP) (£° = +1.46 V in DCM and +1.27 V in acetonitrile)2® as an oxidant
for the oxidation of 1-D, to its diradical dication 12°2* 2ShFg™ (£,° ~ +0.95 V and £3° ~
+1.53 V). When 2+ equiv of [NO]*[SbFg] ™ is used (Scheme 2), a well-defined S= 1 EPR
spectrum, with negligible S =% impurities, is obtained (Figure 5). In addition, the |Am{ = 2
transition was observed. The |Amg = 1 region of the spectrum may be simulated with the
following zero-field splitting parameters: |D//d = 1.11 x 1072 cm™L and |£/Ad = 1.56 x 1073
cm~1.27 Also, for a spectrum of 12°2* 2ShFg~ in DBP/CH3CN mixture, the most outer peaks
show splitting associated with hyperfine coupling from four equivalent 14N (Fig. S21, SI),
corresponding to |A,/4d/2 = 7.3 x 1074 cm™1. B3LYP/EPR-11-computed values, using
ORCA,28 of both |D/hd = +1.32 x 1072 cm™L and |A,//d/2 = 7.0 x 1074 cm~ are in good
agreement with the experiment; the largest components of D- and A-tensors, as well as the
smallest component of g-tensor, are oriented parallel to 2p,; orbital axis (Table S13, SI).

These tensor orientations are analogous to those found in neutral triplet aminyl diradicals.
29,30

Quantitative EPR spectroscopy is used to determine triplet ground state of 12°2* 2SbFg~ in
DBP by measurement of y 7, the product of paramagnetic susceptibility (y) and temperature
(7), in the 7=105-330 K range (Figure 6).14%30 Values of y T are obtained by spin
counting, using standard such as TEMPONE in DBP (in triplicate, 7= 3), and then are fit to
the Bleaney—Bowers equation, to provide singlet-triplet energy gap 2Jk = 145 + 4 K (mean
+ SE), i.e., AEgT = 0.3 keal mol™! (Figure 6).142

The quantitative EPR spectroscopy also indicates high persistence of 122+ 2SbhFg™ on air at
room temperature. For the 0.82 mM sample (Figure 5), no detectable change in y 7'is
observed after 2 h of air exposure at 294 K. In a more rigorous experiment on another
sample, with 14 time points in the 0 — 48 h range and with accurate measurements (/7= 3) of
x Tat 117 K, a half-life of more than two weeks is determined, in the presence of excess
oxidant (Figs. S13 and S25, SI).

Remarkably, the low temperature EPR spectra of diradical dication in frozen solutions do
not show evidence for formation of diamagnetic rt-dimers, which are commonly found for
planar r-conjugated radical cations.31 We ascribe this finding to the double helical shape
and bulky (tert-butyl) terminal groups.1112

Reduction of Radical Cation and Diradical Dication.—Reduction of radical cation
1** BF4~ with decamethylferrocene, Cp*,Fe, in DCM leads to a color change of the reaction
mixture from purple to yellow, producing starting conjoined [5]helicene 1-5; as the only
detectable diastereomer (Scheme 2, Table S2, Figs. S9 and S11, SI). Similarly, reduction of
diradical dication 12°2* 2SbFg™~ with Cp*,Fe in DCM/DBP also leads to the color change
from purple to yellow, producing starting conjoined [5]helicene 1-0, as the only detectable
diastereomer, recovered in isolated yield of 83-96 % (Scheme 2, Table S3, Figs. S15,
S19&20, S22&23, S27&28, Sl).
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Computational Study.

We investigate a simplified structure of conjoined [5]helicene 1, dihydrazine 1a (Figure 2),
at the (U)B3LYP/6-31G(d)+ZPVE level of theory.32 The global minimum structure for
diradical dication 1a*2* is a triplet ground state with Dy, point group of symmetry and a
large AEsT = 4.0 keal mol~L. For radical cation 1a°*, the Dyop-symmetric structure is 2.2 keal
mol~1 above the Cop-symmetric global minimum and corresponds to the critical point with
two imaginary frequencies. However, Gop- and D,-symmetric minima are nearly
isoenergetic, with energy difference, AE < 0.05 kcal mol~1. As anticipated for such large
AFEgt in the diradical dication, we observed the SOMO-HOMO energy inversion of about
0.5 kcal mol~1 and 0.7 kcal mol~1, as measured by the difference of energies of the relevant
alpha-orbitals for its D,- and Cyp-symmetric isomer, respectively (Figure 7, Table S9, SI).12

Notably, in polar solvents such as DCM or water, global minima for 1a** adopt G, point
group of symmetry with two non-equivalent hydrazine moieties. The C,-symmetric
enantiomers are however fluxional with D,- and Co-symmetric transition structures only
0.5-0.7 kcal mol~1 above the minima. Similar to that observed for radical and radical cation
of aza-thia[7]helicene,1? the SOMO-HOMO orbital configurations are not only maintained
in polar solvents, but the SOMO-HOMO energy inversions increase to 6.0 and 5.7 kcal mol
~1in DCM and water, respectively (Table S10, SI)!33 The results provide a new example of
organic molecule with SOMO-HOMO energy inversion which violates the Aufbau principle.

The structures of chiral 1-D, and the meso compound 1-Cyy, as well as their corresponding
radical cations and diradical dications are computed at the (U)B3LYP/6-31G(d)+ZPVE
levels of theory, both in the gas phase and in IEF-PCM-UFF solvent models for DCM. In
addition, (U)M06-2X/6-31G(d)/IEF-PCM-UFF+ZPVE computations are carried out for
selected structures (Table 2, Figure 8, Tables S5, S7, and S8 Sl). For triplet states of
simplified structure of diradical dication 1b2°2*, in which fert-butyl and gem-dimethyl
groups were replaced with hydrogens, single point ROMP2/6-31G(d)//UB3LYP/6-31G(d)
energies are calculated (Table 2, Figure 8, and Table S16, SI).

According to our previous report, neutral 1-0, in naphthalene undergoes a clean conversion

upon heating to 180 °C to its meso diastereomer 1-Cop,, with a half-life of 3 h, corresponding
to a barrier of about ~35 kcal mol~1.1% In a qualitative agreement with the experiment, chiral
diastereomer 1-D; is computed ca. 1 kcal mol~ higher in energy than meso diastereomer 1-
GCop, with the barrier of ca. 42 kcal mol~1 for conversion of 1-D>-to-1-Cop,.

Notably, the D,- and Cyp-diastereomers of radical cation are nearly isoenergetic, while the
D»-diastereomer of diradical dication at the UB3LYP/6-31G(d) level is the global minimum
ca. 0.5 kcal mol~1 below the meso-compound. For the open-shell species, the barriers for
conversion of D>-to- Cyp-diastereomer are in the 35-38 kcal mol~1 range (Table 2, Table S5,
S1). Therefore, the potential energy surface for racemization of 12°2*-D, involves two
racemic C;-symmetric transition states and Con-symmetric (meso) intermediate (Figure 8).

Because the triplet state stability is overestimated by UB3LYP and UM06-2X,34 the
computed AEsT = 0.6-1.0 kcal mol~1 for diradical dication is in reasonable agreement with
the experimental value of AEsT = 0.3 kcal mol™L. For such relatively small values of AEgT <
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1 kcal mol~1 in diradical dication, we find that the radical cation 1°*-2, shows the nearly
degenerate SOMO-HOMO energy levels, with SOMO-HOMO and HOMO-SHOMO energy
differences of ca. 3 and 20 kcal mol~1, respectively (Figure 9).

The experimentally determined A£st = 0.3 keal mol=2 for diradical dication 12°2* 2SbFg~ is
much lower than that of aza-m-xylylene diradicals,??30 for which the AEgt ~ 10 kcal mol=1
was computed using the reliable DDCI method by Barone3® and the lower bound for the
AEgT of the order of 0.5 kcal mol~1 was experimentally determined.3® Diminishing AEgt in
diradical dication is due to the more dilute spin density associated with m-phenylene
ferromagnetic coupling units (FCUs) and the presence of Kekulé resonance forms which
would favor singlet ground state. Spin density maps for triplet ground states of diradical
dication and aza-m-xylylene diradical are shown in Figure 10.

Chiral Resolution.

Room temperature configurational stability of 1-D, and the corresponding diradical dication
is confirmed by resolution of racemic 1- by HPLC, using chiral AD-H column. In
contrast to racemic carbon-sulfur []helicenes (7= 7, 9, and 11)2425:35 and double helices,
36,37 which gave baseline separation of enantiomers, resolution of 1-D; turns out to be a
challenging case. We could establish the optimum temperature of 12 °C (hexane as a mobile
phase) for only partial resolution. We obtain mg-quantities of M, M-1-D, and P,P-1-D, with
41.7% and 61.3% enantiomeric excess (ee), respectively (Fig. S29, Sl). The absolute
configurations of the enantiomers are assigned by comparison of the experimental and TD-
DFT-computed electronic circular dichroism (ECD) spectra (Figure 11 and Fig. S30, SI).

Oxidation of M,M-1-D, or P,P-1-D, with [NO]*[SbFg]~ in DBP produces the corresponding
enantiomerically-enriched diradical dications 12*2* 2ShFg™. Configurational stability of
12°2+ 2SbFg~ is illustrated by overlapping ECD spectra taken at 24 and 48 h apart, while the
sample is kept at room temperature (Figure 11). Assuming <1% ee change after 48 h at 294
K, the lower limit of the barrier for racemization of M,M-12"2* 2ShFg™ is estimated at 27
kcal mol~1 (Eq. S2, SI).

The enantiomers of conjoined bis[5]diazahelicene 1-D, show strong chirooptical properties,
as determined by the anisotropy factor, jg/ = /Ae//e =0.007, based on P,P-1-D, with Aemayx =
+38.8 and £ = 5.45 x 103 L mol~1 cm™1 in DCM at 348 nm. Similarly, diradical dication
P.P-12"2* 2SbF¢™ has |g] = 0.005 with Aeyay = +26.4 and £ = 5.0 x 103 L mol~L cm™t in
DBP at 385 nm. These anisotropy factors are comparable to |g] = 0.004 for the air stable
porphyrin-based S= ¥ radical® and to those of [6]helicene (|g| = 0.007)38 and carbon-sulfur
[7]helicene (|g| = 0.004)24 but smaller than the recently reported |g] = 0.039 for carbon-sulfur
double helix.10:37

CONCLUSION

We have prepared the first high-spin diradical imbedded within helical (doubly helical) rt-
system, demonstrating a molecule with a combined property of strong chirality and high-
spin ground state. The high-spin ground state for this diradical, with an alternant rc-system,
is unusual because of presence of Kekulé resonance forms. Based on the existing
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computational and experimental reports, such molecule-based materials may provide
enhanced spin filtering properties for the development of next generation of spintronics.

EXPERIMENTAL SECTION

General procedures.

Standard techniques for synthesis under inert atmosphere (argon or nitrogen), using custom-
made Schlenk glassware, custom-made double manifold high vacuum lines, argon-filled
Vacuum Atmospheres and MBraun gloveboxes, and nitrogen- or argon-filled glovebags.
Chromatographic separations were carried out using normal phase silica gel.

Cyclic and square wave voltammetric data for 1-D,, using decamethyl ferrocene as a
reference, were obtained according to the procedures described in the SI.12.25 Synthesis of
1-D, is described in the SI (Table S1 and Figs. S37-545).15

Procedures for oxidation of conjoined bis[5]diazahelicene 1- D, to radical cation 1°*BF,~
and diradical dication 12°2* 2SbFg~, are described below.

Radical cation 1** BF,4~.

To the starting material 1-D, (4.2 mg, 4.7 umol) in a custom-made Schlenk vessel 12
evacuated on vacuum line at room temperature overnight, AgBF4 in dichloromethane
(DCM, 0.41 mL, 0.0149 M, 6.1 pmol) was added to the vessel; color of the reaction mixture
immediately changed to dark purple. After stirring at room temperature for 2 h, the reaction
mixture was filtered with DCM and dried under the high vacuum overnight. Dark purple
crude (5.5 mg) was obtained. Subsequently, the crude mixture was dissolved in DCM (0.584
mM) and transferred to a 4-mm EPR tube. EPR spectra were obtained at 294 K (Figure 4).
Using tempone in DCM (1.091 mM) as reference, y 7~ 0.31 emu mol~1 K was determined,
corresponding to ~82% content of monoradical. The sample solution was diluted to 0.295
mM and UV-vis-NIR spectra were obtained (Figure 4). Following UV-vis-NIR spectra,
solution in UV cuvette was transferred back to a new 4 mm EPR tube, and then using the
same reference, 80% spin concentration was determined. Further details of preparation of
radical cation, using [Th] **[BF4] as an oxidant, are summarized in Table S2 and Figs. S7—
S11, Sl.

Diradical dication 12*2* 2SbFg".

To the starting material 1-D, (0.34 mg, 0.38 umol) in a custom-made Schlenk vessel with 4-
mm EPR tube, evacuated on vacuum line at room temperature for several days, distilled
dibutyl phthalate (DBP, ~100 uL) was added under argon flow to obtain a yellow solution.
Subsequently, the solution was cooled to —30 °C by ethanol-liquid nitrogen bath, and the
oxidant, [NO]*[SbFg], in distilled DBP (60 pL, 3.8 equiv, 6.4 mg/1.0 mL) was added under
flow of argon. The reaction mixture was stirred at —30 °C and evacuated until vacuum build
up inside the vessel (pressure = ~ 1 mTorr). During this process the color of the reaction
mixture changed from yellow to dark blue-purple. EPR spectrum showed diradical with a
significant admixture of monoradical. The process of addition/evacuation of oxidant was
repeated, until the EPR spectra showed absence of monoradical (SI). Subsequently, the
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reaction mixture was diluted with DBP (200 pL), to obtain dark blue solution (0.816 mM),
which was studied by variable temperature (7= 105 — 330 K) quantitative EPR
spectroscopy, using 1.005 mM tempone in DBP as reference (Figure 6). Prior to UV-Vis-
NIR spectra, quantitative EPR spectra at 7= 117 K showed y 7~ 0.92 + 0.01 emu mol~1 K
(Figure 5). Then the solution of diradical dication was transferred under flow of argon to a
custom-made Schlenk vessel with 2-mm UV cuvette. Following UV-vis-NIR absorption
spectra (Figure 5), y 7= 0.89 + 0.02 was determined by quantitative EPR spectra at 117 K
(Fig. S14, SI).

Finally, Cp*,Fe in DCM (1.34 mg, 10 eq) was added to the reaction mixture; the color
changed from blue-purple to yellow. The solution was transferred to a vial and evaporated
by N, gas flow, and subsequently purified by column chromatography (regular silica gel,
pentane/DCM, 5:1) with exclusion of light, followed by analytical TLC, to obtain 1-5, as a
yellow powder (0.29 mg, 85% recovery, Fig. S15, Sl). Details of preparation of racemic
diradical dication are summarized in Table S3, SI. Using similar procedures, chiral diradical
dication is prepared, as summarized in Table S4, Sl, and characterized (Figs. S32-S36, Sl).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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S =% open-shell helical molecules.
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Radical Cation Diradical Dication
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Figure 2.

A) Chiral conjoined bis[5]diazahelicene 1-D5, its corresponding radical cation and diradical
dication. B) Dihydrazine 1a and selected resonance forms for diradical dication 1a2*2*, in
which one of the four Kekulé resonance forms with 16 m-electron perimeters is shown.
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Figure 3.
Cyclic voltammogram of ~0.7 mM 1-55 in 0.1 M [/+BuyN]*[PFg]~ in DCM at a scan rate of

100 mV s~1. Further details are reported in Figs S1-S3, SI.
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Figure 4.
In situ EPR (v=9.6356 GHz) and UV-vis-NIR spectra for 0.58 mM radical cation 1"+ BF4~

in DCM at ambient temperature, obtained during oxidation of 1- 2 with [Ag]*[BF4]™: EPR
spectral simulations correspond to the following parameters: A(24N) = 10.0 MHz, g =
2.0030, and line-width = 0.28 mT. Bands at Amax = 322, 538, 577, 743, and 882 nm have the
following extinction coefficients: e30, = 1.16 x 10%, e53g = 7.09 x 102, e577 = 6.83 x 102,
£743=3.25 x 103, and eggp = 3.27 x 103 L mol~t em™L.
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Figure 5.

In situ EPR (117 K, v = 9.4387 GHz) and UV-vis-NIR (294 K) spectra for 0.82 mM
diradical dication 12°2* 2ShFg™, obtained during oxidation of 1-D, with [NO]*[SbFg]~ in
dibutyl phthalate (DBP). EPR spin counting at 7= 117 K showed y 7~ 0.92 emu mol~1 K.
EPR spectrum of 12°2* 2SbFg~ in DBP at 117 K (inset: the |Amg = 2 transition) with spectral
simulation of the |AmJ = 1 region: |D/hd = 1.11 x 1072 em™L, |E/hd = 1.56 x 1073 cm ™1, |
Az/hdl2 =7.3 x 1074 cm™, gy = 2.0036, gy = 2.0035, gy, = 2.0025. UV-vis-NIR
absorption spectrum of 12°2* 2SbFg™ in DBP, bands at Amax = 332, 476, 652, and 929 nm
have the following extinction coefficients: e33p = 2.39 x 10%, e476 = 1.14 x 104, g5 = 1.14
x 104, and egpg = 8.17 x 10% L mol~1 cm=1. Complete sets of EPR simulation parameters
may be found in Figs. S14, S21, S24, and S26, SI.
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Figure 6.
Quantitative EPR spectroscopy of 0.82 mM diradical dication 122+ 2SbFg~ in DBP:

experimental values of y 7 (mean + SE, /7= 3), the product of paramagnetic susceptibility
(p) and Tinthe 7= 105 - 330 K range and numerical one-parameter fit with the variable
parameter, 2Jk = 145 = 4 K (mean = SE). Further details are reported in the Sl, Fig. S12,
S16, and S26.
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Fig. 7.

Orbital maps for the D,-symmetric structure of model radical cation 1a"*-» in the gas
phase at the UB3LYP/6-31G(d,p) level. Positive (red) and negative (green) contributions are
shown at the isodensity level of 0.02 electron/Bohr3. The singly-occupied a orbital is
matched in a nodal pattern (4-symmetry) to the lowest unoccupied B orbital to provide the
SOMO energy level; doubly occupied molecular orbitals are identified by matching nodal
pattern (&-symmetry for HOMO) and energies (in Hartrees) of the a and B occupied orbitals.
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Figure 8.

Potential energy surface for racemization of triplet state of diradical dication 12°2*-D5 at the
UB3LYP/6-31G(d)+ZPVE level of theory. Values in parentheses are for simplified 102*2* at
the ROMP2/6-31G(d)//UB3LYP/6-31G(d) level of theory
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Figure 9.
Orbital maps for the D,-symmetric structure of radical cation 1°*-D; at the UB3LYP/6—

31G(d) level. Positive (red) and negative (green) contributions are shown at the isodensity
level of 0.02 electron/Bohr3. The singly-occupied a orbital is matched in a nodal pattern (43-
symmetry) to the lowest unoccupied B orbital to provide the SOMO energy level; doubly
occupied molecular orbitals are identified by matching nodal pattern (a&symmetry for
HOMO and b;-symmetry for SHOMO) and energies (in Hartrees) of the a and B occupied
orbitals.
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diradical dication diradical

Figure 10.
Spin density maps for triplet ground states of diradical dication and aza-m-xylylene diradical

at the UB3LYP/6-31G(d)//UB3LYP/6-31G(d)+ZPVE level. Positive (blue) and negative
(green) spin densities are shown at the isodensity level of 0.006 electron/Bohr?.
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Figure 11.

ECD spectra at ambient temperature. Top: 1-D, and TD-DFT computed spectrum for P,~-1-
D, (B3LYP/6-31G(d)-optimized geometry) at the CAM-B3LYP/6-31G(d) level in IEF-
PCM-UFF-modelled DCM. Bottom: M, M-12"2* 2SbF~; three overlapped spectra at time 0,
24, and 48 h. Experimental ECD spectra intensities are scaled by the ee. Further details are
reported in the Sl, Table S4, Figs. S29-S36.
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t-Bu O O O tBU (1.8 equiv), air
N N DCM, 0°C, 3 h

H 5, H (63-76%)

Scheme 1.
Synthesis of 1-D,.
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Table 1.
Oxidation Potentials EPR (Radical cations)
Compounds 14
0 0 A(MN)
E:° (V) B (V) (MH2) g
1-D,° 0.393+0.0117 | 0993+ 00207 | 100 2.0030
oNe
0 N O 0.485%¢ 122029 202" 200327
36‘
Ph,NNPh, 0.79529€ 1.6902%€ 250" 2.0032"
aza-thia [7]helicene 0.884 + 0.0102 | 1.086 + 0.005% 6.4 2.0050
thia [7]helicene 1.34 1.82 - 2.006

aMean + 1 stdev; potentials from CV internally referenced to Cp*zFe+/0 in DCM (-0.130 V vs. SCE) at rt.

bref 22.

cThird oxidation potentials Ego ~ 1,53 V for 1-D and E30 ~ 2.82 V for 3 (in SO2, extrapolated to 25 °C).

a .
Extrapolated potentials to 25 °C.

€In 502.

’;ef 23
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Table 2.

Relative energies (A£ in kcal mol™1), including barriers for ring inversion (racemization) for 1-D5, 1- Gy, and
the corresponding radical cations and diradical dications at the (U)B3LYP/6-31G(d)+ZPVE level of theory.

Crit. point | Structure | State AE AEsTa
LG | A 0.00 ]
minima
1-D; A 1.08 ]
s -G 14 43.12 ]
G | 24 0.00 ]
minima
D, | %5 0.14 .
s -G 24 38.14 ]
8 b
122, Bs | 0.00(0.00) 0.00
BS - 0.59
minima
A; | 051 (-001)? | 000
122+, u .51 (-0.01)
BS - 0.95
A 5| 0.00
61(38.1
TS 12°2+. o) 35.61 (38.19)

BS - 0.81

aSingIet—tripIet energy gaps (AEST in kcal mol_l) for diradical dications; BS corresponds to a broken-symmetry singlet.

bVaIues in parentheses are for triplet states of simplified 1b2°2+ at the ROMP2/6-31G(d)//UB3LYP/6-31G(d) level of theory.
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