Topology-Directed Synthesis of Helical Phosphoniums with
High Diradical Character and Polar-Dependent Electron

Transfer
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Molecular topology synthesis of polycyclic aromatic
heterocycles (PAHs) with diradical character takes
root in the intramolecular coupling breakthrough.
Herein, we report selectively Mn(lll)/Cu(ll)-mediated
C—P and C—H bond cleavage to obtain robust donor-
fused phosphoniums with helical or planar
geometries and distinct cationic charges. The former
helical structures incorporate a common
phospha[5]helication acceptor and different
arylamines donors, and the latter planar one contains
a phospha[6]dication and the same donors. These
unprecedented donor-acceptor (D—A) pairs show
unique topology-dependent optoelectronic
properties. The folded helical radical centers possess
an extreme electron-deficient state and through-
space isolation with high diradical character (y, =
0.989). Moreover, the ingenious charge transfer (CT)
and locally excited (LE) transition components
facilitate diverse hybridized local and charge transfer
(HLCT) in different solvents, endowing the highest
emission bandgap variation of 0.78 eV (~217 nm). The
cationic emission could also be adjusted from blue to
near-infrared regions via topology tailoring and polar-
dependent HLCT, which could output additional
circularly polarized luminescence in a compatible
chiral menthol matrix with elevated quantum
efficiency and retained deep-red glow. It is worth
mentioning that an atomically precise Mn(lll) halide
has been unprecedentedly captured and determined
for the C-P bond activation.

INTRODUCTION

Developing intramolecular coupling protocol has
received widespread applications in hierarchical topology
control synthesis of photo-electro-magnetic PAHs
through delocalized z-extension and spatial dimension
upgrading in recent years.'”’ Among them, heteroatom
insertion is an attractive tactic to alter their geometries and
electronic configurations. For instance, the C—C and C—N
coupling almost uses [Pd]/[Ni]-catalytic intermolecular or
intramolecular annulation to promote the delocalization.®
12 The delocalization of electrons could possess diverse
interaction processes via through-bond transfer (TBC) or

through-space transfer (TSC) to create the topology
dependence of the optoelectronic properties,'>'> such as
m-conjugated  macrocycles,' ! nanographenes,?’ 4
organic cages,”*?* heteroatom doped PAHs,?"?® and
helicenes.?® 3

Helicenes, the ortho-fused superstructures, have an
intrinsic folded spiral superposition of PAHs.>%37 The
topology tailoring in helicenes endows an accessional
possibility of stable radical incubation,>*3°3% circularly
polarized luminescence (CPL),'**** and chirality-
induced spin selectivity (CISS).*'*> The traditional
carbon[n]helicenes with high diradical character and
dynamic luminescence switchability is hardly accessible
due to resonance delocalization and monotonous electron
transfer inherency (e.g. typical z—z*), which gives rise to
closed-shell species or inflexible emission at ambient
conditions.?>***%5 Generally, the stabilization of cationic
radicals requires an electron-rich neutral nucleus to relax
their reactive spots of electron-deficient radicals in a fully
m-conjugated system via the TBC channel.**¢ In this
condition, the substituent protection is also required in
many cases.”’ As a consequence, the stable diradical
cations are exclusively produced from neutral electron-
rich precursors (e.g., neutral polythiophene and
polyarylamine backbones). In contrast, through-space
transfer (TSC) refers to weak interactions between two
potential non-covalent contact units, which is highly
dependent on the contact distance and D—A orientation.*®
Indeed, this landscape has been widely explored in a light-
triggered excited state in TSC-type thermally activated
delayed fluorescence (TADF).!54°2 Nevertheless, the
potential intramolecular TSC via orbital coupling of the
helical radicals has rarely been investigated up to now.!”**
This TSC process might offset the drastic electron-
deficient bridge to stabilize the diradicals but also enable
expectant D—A character of the parent structures, which
will provide additional topology-dependent photo-
electro-magnetic properties as well. Unfortunately, ultra-
strong D—A configurations with ionic pairs are still
unexplored in this area, which is mainly due to the scanty
synthetic methodology.

Based on this proof of concept, we develop a new type
of electron-deficient helicenes from the main-group
phosphine substrates by virtue of optimized Mn(IIl)-
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Figure 1. (a) Representative diradical helicenes in previous progresses. (b) Synthesis methodology and property parameters of
helical and planar phosphoniums by Mn(III) and Cu(II)-mediated radical annulation.

mediated C—P bond cyclization, where the substrates
carry electron-rich carbazole or triphenylamine groups.
Although competitive single-electron oxidation might
exist between N and P atoms, the first single-electron
oxidation (SET) event proceeds on the P(Il)-atom via the
coordination  assistance,  generating a  helical
phosphonium core with extreme electron deficiency.
Thus, the helical D—A phosphoniums with diverse HLCT
and fluorescence switches are built (Adem up to 0.78 eV).
The further SET oxidation of phosphonium by AgSbFs
affords ammonium trications with high diradical
character (yo = 0.989) and unusual stability. Variable-
temperature electron spin resonance (VT-ESR) suggests a
singlet ground state and a small single-triplet gap of —0.24
kcal mol!. Density functional theory (DFT) calculations
unveil that the electron-deficient phospha[5]helication
has no obvious contribution to the spin delocalization via
TBC, but the folded helical overlay points out a perfect
overlay of two radical spots, which is quite different from
the other reported carbon[n]helicene diradicals.>> In
contrast, the Cu(Il)-mediated C—H bond cleavage and
C—-P bond cyclization produce complex multiple
diradicals on the P and N atoms without priority.

According to the control experiment on a carbazole-fused
substrate, the multiple diradical mixture could contain
radical phospha[6]dication and radical substrate oxides.
The helical and planar D—A phosphoniums show
topology symmetry-dependent optoelectronic nature,
which is reflected in distinct polar-dependent electron
transfer. These facts highlight the significance of SET-
directed design in transient and stable radicals.

RESULTS AND DISCUSSION

Synthesis of Helical and Planar Phosphoniums.
Development of this C—P bond annulation began with
establishing a modified synthetic method based on our
previous and Anslyn's works.>*3* The optimized synthetic
routes to phosphoniums were explored as displayed in
Figures 1b and S1. The former investigation found that
the C—P activation, cleavage, and annulation could be
realized by in situ Mn(lll)-mediated of simple
diphosphines at ambient conditions. However, the
reactions would be much harder for some complex
derivatives, which is related to their limited oxidation
potential and spatial construction.*® To resolve this issue,
we are inspired by the principle of oxidation enhancement
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Figure 2. (a) Simulated and experimental ESI-HRMS spectra of [PHC2-H|*[CI]". (d) Preparative routes of
{[""MnCly] [Py*H]*}p and its SCXRD structures and SET efficacy for C—P activation. (b) Aromatic region of the 'H NMR
spectra and (c) *'P NMR spectra of P2-H ligand, [PHC2-H]*[CI]", and [PHC2-H]**[(SbFe)3]” (400 MHz/160 MHz, CD,Cl,,

25 °C). (d) HRMS spectra of [PHC2-H]*[CI] .

in acidic conditions,' and prepared several electron-rich
diphosphines with substituted carbazoles (CZs) or
triphenylamines (TPAs) at 7,7'-positions to implement
folded helical centers after annulation. The substrates are
inert for cyclization in neutral reaction mediums with
MnCl, and O; but quickly activated in acidic conditions
after adding excess pyridine hydrochloride (HCI*Py). The
SET-induced annulation progress is observed by naked
eyes, in which the color of reaction solution switches from
colorless to red (Figure S2, video S1). Importantly, this
SET takes precedence in P(I1])-atoms instead of N-atoms
because of the stronger electron binding of N-atoms based
on higher electronegativity and deeper orbital depth (2p
versus 3p-orbitals).

To reveal the inherently active species in acidic
conditions, we successfully acquired the first example of
stable Mn(IIl) halide crystals without extra pnictogen-

oxide stabilization ({[""MnCL] [Py*H]'},) via ligand
exchange in strong acidic conditions (Figure 2a). For the
[MMnCly]~ part, the single-crystal X-ray diffraction
(SCXRD) characterization of brown crystals reveals that
the adjacent {MMnCly} units are repeatedly linked by
1>—Cl bridges, forming a 1-D coordination chain (Figure
2a). Given the coordination environment, the six-
coordinated {MnCle} unit adopts a distorted octahedral
geometry. The protonated pyridine ([Py*H]") couples
with [MnCly]™ via multiple H-bonding interactions (2.69
to 3.36 A) to serve as a crucial tranquilizer for {"MnCly}.
This complex could directly activate the SET reaction of
BINAPs, representing solid evidence for active
hypervalent metal center attribution of C—P activation. It
should be highlighted that an important feature of
{["MnCL] [Py*H]*}. is its bench-stability, which has
been often hardly accessed and defined in the generation
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Figure 3. (a) ORTEP drawing of the crystal structure of [PHC1]*[SbFe]|~ with top view and (b) side view (thermal ellipsoids
probability is 30%, anions are omitted for clarity). (c) Heterochiral packing of racemic [PHC1]*[SbFe]™ in the unit cell. (d)
ORTEP drawing of the crystal structure of [PHC3]*[SbFs]~ with top view and (e) side view. (f) Homochiral structure
arrangement of [PHC3]*[SbFs| crystals. (g—h) DFT optimized molecular structure of [PHC2-H]" at the B3LYP/6-31G(d)
level. (i) DFT simulated ESP mapping of [PHC2-H]" at the higher B3LYP/6-311G(d) level.

of prior {"MnClz} methodologies.*>® This bench-stable
complex could serve as a new SET oxidation reagent for
organic synthesis and organometallic chemistry, e.g.,
chlorination reactions®’ " and the current C—P bond
cleavage. The stark contrast between reactions in the
neutral and acidic conditions for Mn(IIl)-mediation
underlines the importance of intensified SET in
permitting the emergent reactivity and regioselectivity
that would otherwise be difficult to achieve. Compared
with other C—P bond coupling protocols via [Pd]/[Rh]-
catalysis or de novo synthesis,®' ¢ this system represents
a unique synthetic paradigm where the high activity is
dependent on the formation of SET-trigged phosphonium
radical between Mn(I1I) and phosphine moieties.>*¢7-68
Using this impressive synthetic method, five helical
phosphoniums were prepared easily with acceptable
yields (Figures 1, S1). On the other hand, the Cu(OTf),-
mediated C—H bond activation, cleavage, and annulation
were also attempted to build distinct molecular topology,
resulting in corresponding planar phospha[6]dications.
Unfortunately,  triphenylamine-involved  substrates
yielded complex radical mixtures with high stability but
were inseparable due to poor solubility. The ESR spectra
show the persistence of multiple diradicals over one
month  (Figure S3a). Nonetheless, one pure
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phospha[6]dication of [PDCI1]**[(OTf):]>" could be
obtained from a carbazole-fused backbone (P1, Figure
S1). This founding means that a new construction of novel
D—A phosphoniums with distinct helical or planar
geometries, such as cationic helicenes and PAHs, is
possible through selectively Mn(III)/Cu(Il)-mediated
C—P and C—H bond cleavage.

Structural Identification and X-ray Crystal
Structural Analysis. The separable compounds have
been fully characterized by NMR, electrospray ionization
mass spectrometry (ESI-HRMS), and SCXRD. During
our study of the physicochemical properties of
phosphoniums, we found that all the phosphoniums had
good solubility in dichloromethane (DCM) but were
insoluble in nonpolar solvents, indicating restricted
aggregation in polar solvents due to nonplanar
construction and polar ion pair. Phospha[5]helication
[PHC2-H]|*[CI]” as the typical object displays a
resolvable pattern in '"H NMR spectra (Figure 2b). The
corresponding two individual 'H domains of electron-
deficientcore (20H, 8.50—7.64 ppm) and electron-rich
arms (28H, 7.28-6.83 ppm) are located at the downfield
and upfield respectively because of the decreased electron
cloud density of electron-deficient phospha[5]helicene
core. The labeled single peak of 8,8'-position protons is
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Figure 4. (a) ORTEP drawing of [PDC1]**[(SbFe)2]* single crystals with top view and (b) side view (thermal ellipsoids
probability is 30%, anions are omitted for clarity). (c) Anionesen and H-bonding interactions analysis. (d) Crystal structure

arrangement of [PDC1]?*[(SbFe)2]*".

observed at 8.50 ppm. Thus, this proof is in good
accordance with the C> symmetric helical structure of the
molecule. In comparison, two individual 'H domains of
[PHC2-H]*3*[(SbF)3]* are further shifted downfield as
aresult of the attached triarylammonium diradicals with a
weak deshielding effect, which also shows extremely
broadened peaks due to the presence of paramagnetic
character (Figure 2b, top). Moreover, the 3'P NMR
reveals a downfield shifting after annulation and
radicalization from —15.69 to 24.96 and 26.17 ppm
(Figure 2c), respectively, in line with the electron
deficiency of phosphonium. The identity of [PHC2-H]*
is further confirmed by ESI-HRMS with a perfect match
(Figure 2d). In addition, this series of phosphoniums is
quite stable for several months at ambient conditions both
in the solid state and in solution.

Due to the poor crystallization of chloride counterion
products, single crystals of [PHCI1]*[SbFs],
[PHC3]*[SbFs], [PDC1]**[(SbFe)2)*, and
[PDC1]**[(OTf);]> were grown in mixed DCM/PE
solvents by the anion exchange (i.e. AgSbFs or AgOTf as
CI” scavenger) and subsequent slow volatilization in air
(Figures S4—S8). [PHC1]*[SbF¢]™ consists of a pair of (P)
and (M)-enantiomers, two 4-carbazoles attached to
phospha[5]helication with folded packing, where the
short NessN distance could be determined as 6.20 A. The
helical torsion is induced by C—P cyclization along with a
small dihedral angle (6ap=36.2°) between adjacent
naphthalenes (Figures 3a—c, S4). Similarly, the carbazole-
fused [PHC3]"[SbFe] ™ displays distorted conformation as
follows from the approximate N—N distance (6.05 A) and
dihedral angle (36.4°, Figures 3d—f). Interestingly, the
racemic [PHC3]*[SbF¢]™ shows a chiral self-sorting via
symmetry breaking, where only homogeneous (M)-
isomers are observed in one single crystal (Figures 3f, S5).

However, the single-crystal acquisition of [PHC2-
X]*[SbFs]~ is unsuccessful because of poor
crystallization of in situ formed radicals with tricharge
cations. NMR and DFT simulations point out a (>
symmetry in [PHC2-X]*, which has larger naphthalene
distortion (ap=45.4°) and N-N distance of 8.17 A owing
to nonplanar triarylamines possessing steric repulsion
(Figures 3g,h). The electrostatic potential (ESP) mapping
shows a positive charge and negative surfaces for
phospha[5]helication and triarylamines (Figure 3i). This
result manifests the character of electron-deficient
phosphonium and electron-rich TPAs, in agreement with
empiricism about D—A structural inference.

In contrast, [PDC1]**[(SbF¢)z]*~ with planar topology
exhibits a deep chamber in the phospha[6]dication center,
where the phospha[6]dication decorates with two 4-
carbazoles and four phenyls (Figures 4a,b). This special
chamber favors the anions reception capability through
anioneesr (2.44-2.98 A) and FeeeH (2.44-2.58 A)
interactions at the inside and edge of a cavity with strong
combinations (Figures 4c—d, S7). Remarkably, this
feature has also been reproduced in other [OTf]
counterions with different anion geometric construction
(2.60-2.86 A, [PDCI1]*[(OTf)]?>, Figure S8),
confirming that the electron-withdrawing
phospha[6]dication chamber facilitates the ion-pair
association in solid.

Photophysical Properties and Electronic
Structures. Molecular topology-dependent electronic
transfer has been fully disclosed in this class of
phosphoniums in discrete unimolecular and condensed
solid states. As shown in Figure 5S¢, HOMO and LUMO
electron densities are almost discretely distributed on the
helical backbone of PHCs, where the electron-deficient
phospha[5]helicene takes the LUMO but electron-rich
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Figure 5. (a) UV—vis and (b) fluorescence spectra of CI” counter complexes in DCM (107 M, A = 370 nm). (c) Solvent-
dependent PL spectra of [PHC1]*[CI]". (d) Solvent-ratio relevant PL spectra of [PHC1]*[Cl]” (DCM/DMF). (¢) TRPL
spectra of all compounds in DCM. (f) Solid emission parameters and images comparison in all compounds. (g) Orbital
distribution of HOMO and LUMO for four typical cations at B3LYP/6-311G(d) level.

donor contributes the HOMO. Nevertheless, we also
observed a relatively incomplete separation of
HOMO-LUMO pairs in [PHC1]*, as compared to other
complexes, resulting in the helical intramolecular charge
transfer (ICT) and local electronic (LE, 7—z*) transition
(Figures 5g, S9). This HLCT has a deep influence on the
photophysical properties according to the optical
observation. For instance, the five PHCs reveal tunable
HLCT absorption from 280—600 nm, and their optical
gaps are reduced from 2.50 to 2.08 eV in DCM due to
enhanced donor strengths from CZs to TPAs (Figure 5a).
Intriguingly, the excited HLCT is extremely sensitive to
the polarity of the solvents. The fluorescence emission of
PHCs emanates an inconsistent variation tendency in
DCM and the CZ-fused [PHC1]*[C]]” and [PHC3]*[CI]~
and displays orange emission with moderate PLQYs of
17.5 and 7.2%, respectively (Figure 5b). After the
intensification of the donor, the TPA-fused [PHC2-
HJ*[CI]™ exhibits a red-shift emission across deep red to

NIR regions (~705 nm). Unexpectedly, the blue-shift
weak emission is noticed in [PHC2-Me]*[Cl]” and
[PHC2-OMe]*[Cl]” after reinforcement of electron-
donating capacity (Figures 5b, S10—S12), which could be
related to the switchable LE and CT emission of HLCT.
To unveil this appearance, the typical solvatochromism of
[PHC1]*[Cl]” has been further investigated in polar
solvents. [PHC1]*[Cl]-  displays a  negative
solvatochromism effect from DCM (red emission) to
DMSO (blue emission) and the emission proportion is
highly influenced by polarities (Figure 5c). For example,
[PHC1]*[Cl]~ shows dual emission bands at ~450 (LE)
and ~600 nm (CT) in acetone and methanol but a single
CT/LE peak dominant in DCM, DMF, and DMSO. The
intensity ratios (Ict/ILg) of the two peaks are decreased
from 2.33 (PA) to 0.05 (DMF or DMSO) and the PLQY
is highly suppressed in polar solvents. Interestingly, the
ICT is gradually restrained in light of reduced Icr/lie
values in mixed DCM/DMF solvents with distinct ratios
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Figure 6. (a) CD and (b) CPL spectra of enantiomeric solid films for L/D-menthol@[PCH2-H]|*[CI]". (¢c—d) Their
corresponding gum, PL spectra, and image of the light-emitting films under 365 nm light (inserted images show polarizing
microscope textures of the film). (e) CD and (f) CPL spectra of enantiomeric solid film for L/D-menthol@[PCH2-Me]*[Cl] .
(g—h) Their corresponding g.m, DC spectra, and image of the light-emitting film under 365 nm light (doped with 1 wt% ratio).

(Figure 5d). Hence, the low-energy band and high-energy
emission are shaped from the entire ICT and donor's LE
contributions, respectively, because of altered excited
state configurations.®®’! However, other CT-dominant
complexes show more sensitivity in luminescence and
even emit fluorescence in DCM corresponding to the LE
component (Figures 5g, S21-S23). The UV-vis and solid
PL spectra reflect their intrinsic band gaps (Figures Sa, 5f,
S23d). PL of solid PHCs possesses orange to NIR signals
at 570 ([PHC3]'[CI]"), 606 ([PHCIJ*[CI]"), 651
(I[PHC2-H]*[CI]"), and 656 nm ([PHC2-Me|*[CI]"). The
PLQY is boosted in doped PMMA for all PHCs and
[PDC1]*[(CD)2]* as rigid excited states (up to 34.8%,
Figure S25).

Significantly, the planar phospha[6]dication of
[PDC1]**[(C1)2]*~ demonstrates the largest band gap in
contrast to PHCs, which 1is consistent with
HOMO-LUMO gaps from DFT simulations (Figures 5g,
S13). However, only negligible solvatochromism and
weak emission could be detected in distinct solvents,
suggesting the presence of a nonpolar excited state
(Figure S14). The dipole moment is 0 Debye, as reflected
fact of reversed polar directions from two CZs to the
phospha[6]dication core, but the PHCs endow huge
dipole moments of 19.28 to 30.74 Debey (Figures
S15-S19). That's why PHCs show polar-dependent
electron transfer with excellent emission variation up to
0.78 eV (217 nm for [PHC2-H]*[CI]"). Herein, we define
a parameter (peT=AA/AP (AA and AP stand for the
emission wavelength variation and the polarity parameter
variation) to quantify polar-dependent emission. The
established (per for [PHC1]*[C1]~ [PHC2-H]*[CI]", and
[PHC3]*[CI]” are 54.7, 67.8, and 52.8, respectively,
representing the highest records in helicenes up to now

(Figure S21).1017:51.72.73 The carbazole-fused PHCs have
longer decay kinetics (Figure 5e). These results
demonstrate that the synergistic construction of a strong
D-A environment by phospha[5]helication skeleton is an
efficient way to prepare ultra-strong polar-dependent
electron transfer materials.

Owing to the ionic superiority of these compounds,
their dissolution ability has been checked in enantiomeric
menthol. Only [PHC2-H]*[CI]~, [PHC2-Me]*[CI]", and
[PHC2-OMe|*[Cl]” could be dissolved in melting
menthol because of the poor solubility of other rigid
complexes. By fast quenching of mixed melts on cooling
metal substrate, the solid films with strong fluorescence
are facilely prepared. These films display an obvious
optical activity and elevated PLQY's (up to 6.9%). The CD
and CPL show mirrored spectra with moderate
luminescent dissymmetry factors (gu») of 1.8 x 1073 and
-1.4 x 1073 of the L/D-menthol@PHC2-H system
(Figures 6a—h). The crystalline morphology with uniform
distribution has been checked by a polarizing optical
microscope, where the typical spherulitic crystal
birefringence is observed in films (Figures 6d—h,
S27).”475 These textures are identical to those of pure
menthol melt after cooling (Figure S26), thereby allowing
good compatibility and chiral induction in doped films. It
is worth noting that the emission color has only a slight
blue shift compared to that of solid powder. However,
PHC1 and PDC1 are insoluble in L-menthol and no CPL
could be found (Figure S28a, S28d). This result implies
effective chiral induction and transfer in a chiral eutectic
medium via H-bonding and polar interactions.”®””

Electronic Oxidation of Phosphoniums and
Diradical Character. Incorporation of the helical TPAs
provides an opportunity to study through-space spin-spin
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Figure 7. (a) UV—vis—NIR absorption spectra of PHCs radicals the DCM solution at ambient conditions (inside pictures are
[PHC2-H]*[CI]™ solution before and after oxidation by 10 equiv AgSbFs). (b) UV—vis—NIR absorption spectra of Cu(Il)-
mediated reaction solutions for P1-P3 ligands at ambient conditions (Vpem/Vmecn=1/1). (¢) ESR spectra of three radicals with
excess AgSbFs (10 equiv, in DCM) at ambient conditions. (d) VT-ESR spectra of diradical [PHC2-OMe]***[(SbFe)3]>~ at
cryogenic conditions by liquid N». (¢) ESR spectra of Cu(Il)-mediated reaction solutions for P2-OMe@Cu(OTf)2. (f) Spin-
density populations of diradicals [PHC2-OMe]****[(SbFe)3]*". (g) LOL-7 isosurface of diradical [PHC2-OMe]?3".

coupling (TSCC) for diradicals in this system.
Experiments and DFT simulations have been performed
to confirm this concept. As shown in Figure 7a, the orange
color of the PHC2 series in DCM is changed into dark
green after the addition of excess AgSbFs, where the
fluorescence is also quenched rapidly. As recorded in the
UV—vis—NIR spectra, the addition of AgSbF¢ leads to
intense long-wavelength absorption bands beyond 600
nm. The [PHC2-H]?*3*[(SbFs)3]*>~ products display clear
'"H NMR spectra with broadened peaks but are also
responsive to the ESR measurement, indicating the
generation of open-shell cationic species (Figures 2b,
7¢).”® However, [PHC2-Me]***[(SbFe);]*~ and [PHC2-
OMe]***[(SbFe)3]> exhibit silent NMR and stronger
ESR signals with broader features, suggesting that more
open-shell species are formed by the chemical oxidation
at N centers (Figures 7c, S81-S84). This multiple
oxidation event has also been confirmed by cyclic
voltammetry (CV, Figure S30) proofs. The broad ESR
signal with no obvious hyperfine coupling indicates the
formation of diradical trications. Although the compound
of [PHC2-H]***[(SbFe)3]* does not carry substituents
on TPAs, it can still be stable for more than ten hours at
ambient conditions. Expectantly, the Me and OMe
protected [PHC2-Me|*3*[(SbFe)3]>” and [PHC2-
OMe]*3*[(SbFe)3]*~ possess higher half-life periods over
two weeks in air (Figure S3). Besides, [PHC2-
H]*3*[(SbFe)3]>~ processes a longer wavelength
absorption in NIR, NMR activity, and a narrower ESR

signal, which might indicate the reservation of some
doublet radicals and further oxidation frustration (i.e.
monoradical [PHC2-H]'?*[(SbFe)2]?>").!” In contrast,
[PHC2-Me]>*[(SbFe)3]3~ and [PHC2-
OMe|>**[(SbFe)3]3 express a broader ESR peak with
weak split and a higher energy absorption in
UV-vis—NIR spectra, implying the generation of
diradical trications with weak electronic coupling of two
radicals by TSCC.>*

To confirm this situation, the spin-unrestricted DFT
calculation (UB3LYP) proofs reveal that the spin density
distribution of charges in [PHC2-OMe]*3" is nearly
localized in each TPA moiety with small spatial
occupancy at phospha[S]helicene cation, manifesting the
synergetic electron-deficient character and weak 7-
delocalization (Figure 7f). The calculated localized
orbital locator (LOL-z) map proves the decreased
planarity = and  m-delocalization  between  the
phospha[5]helicene cation and TPA diradicals (Figure 7g).
The spin density of diradicals is perfectly cross-folded at
the helical terminals, resulting in a large space distance of
10.11 A compared to the precursor (8.18 A) because of
the coulombic repulsion (Figure 7f).” The diradical
character yy of [PHC2-OMe]*?* is calculated to be 0.989
by Yamaguchi’s scheme at UB3LYP-6-311G(d) level
(details see SI),%° which surpasses the previous diradical
macrocycles (16=0.53)."” To confirm the diradical spin
state, VT-ESR measurements are executed. The IT (IT
stand product of ESR intensity and temperature)
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intensities of [PHC2-OMe]*3*[(SbFe)3]*>~ gradually
decrease with decreasing temperature from 160 to 95 K,
indicating a singlet ground state of this diradical trication
(Figure 7d). Further, the Bleaney-Bowers equation fitting
gives a small singlet—triplet energy gap (AEs-t = —0.24
kcal mol™).

Cu(Il)-mediated C—H bond cleavage to obtain planar
phospha[6]dication from P2-OMe leads to an unexpected
stable diradical mixture (#1,>10 days) which can be
verified by a broad and pseudo-split ESR signal with a g
value of 2.004 (Figure 7e). In addition, the mixture has an
NIR absorption up to 1100 nm, as shown in Figure 7b.
According to the reaction path (Figures 1b, S36), the
cyclized radical product [PDC2-OMe]**+[(OTf)4]** and
the oxidative radical product [P20-OMe|*?*[(OTf),]**
could be responsible for the multiple radical characters. In
fact, this Cu(ll)-mediated annulation processes a short
lifetime radical mechanism, and the trace could be found
by means of the UV—vis—NIR monitor. For example, the
addition of excess Cu(OTf), leads to two new long-
wavelength absorption bands up to 1500 nm (Figure 7b).
Nevertheless, the separation and purification of radical
[PDC2-OMe] >+ [(OTH4]** and nonradical
[PDC3]**[(OTf),]> are unprocurable due to poor
solubility. Contrastively, the P1 ligand suffers exclusively
radicalization on the BINAP core to produce
[PDC3]**[(OTf),]*> with the planar topology. This work
demonstrates the first successful construction of
predominant diradicals and extremely polar-dependent
electron transfer in phospha[5]helicenes via the
implantation of stark D—A motifs.

CONCLUSIONS

In summary, a series of stable D—A phospha[5]helicene-
based diradicals PHCs and phospha[6]dication-based PDCs
are synthesized via radical-mediated topology synthesis.
These P/N doped D—A helicenes show folded molecular
conformation and wunique photo-electro-magnetic
properties that are distinct from the reported
carbon[n]helicene analogs and traditional triarylated
ammonium radicals. The tunable blue to NIR emission
and chiral-induced CPL are achieved by controlling the
D—A charge-transfer strength and ionic solubility.
Importantly, the dynamic polar-dependent -electron
transfer is formed by modulating the HLCT process from
topological symmetry ({peT up to 67.8), but the symmetric
PDCs do not have this feature. In addition, the chemical
oxidative diradicals show a counterintuitive persistence
with high diradical character (yo = 0.989). Consequently, this
family of D—A phosoha[n]helicenes could serve as a
promising platform to enforce polar diradical design and
functionalization in the future.
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TOC: Strong D-A conjugated phosphoniums of PHCs and PDCs have
been described firstly using the radical-directive topology synthesis,
which contain phospha[5]helication and phospha[6]dication species.
In this paper, an atomically precise Mn(lll) halide has been
unprecedentedly captured and determined for the C—P bond
activation. These D-A pairs show unique topology dependence on the
optoelectronic properties due to the dissymmetry of molecular polarity,
i.e. extreme HLCT-induced solvatochromic luminescence (AAem up to
0.78 eV), co-assembly driven CPL (gum up to 1.8 x 107), and high
diradical character (yo = 0.989).

Gy
Acceptor p—A'anmulation endows|— Diradical character and high stability

Blue to NIR emission and chiral-induced CPL
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