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The introduction of heteroatoms into n-conjugated frameworks has emerged as a powerful strategy to
modulate their electronic and optical properties. Among these, the incorporation of phosphorus atoms
imparts electron-accepting character and distinct photophysical behaviors. However, the direct formation
of three C—P bonds from inorganic phosphorus sources remains extremely challenging. While Friedel-
Crafts-type C-P bond formation using chlorophosphines offers an effective route to P-doped
n-conjugated molecules, the direct synthesis of triarylphosphine from inorganic phosphorous com-
pounds through a triple C—P bond formation has been rarely achieved. Recently, triflic anhydride (Tf,O)-
mediated C-P bond formation using organophosphorus oxides has enabled the synthesis of diverse
P-doped n-conjugated molecules, demonstrating that activation of phosphorus centers by triflate signifi-
cantly enhances their electrophilicity. Nevertheless, the utilization of inorganic phosphorus sources
devoid of pre-existing C—P bonds has not yet been realized. Herein, we report a metal-free and direct
phosphorus atom insertion into electron-rich r-systems using phosphorous acid (HzPO=) as a readily
available and easily handled inorganic phosphorus source. Activation of HsPOz with Tf,O enables the for-
mation of three C—-P bonds in a single step, affording P-doped curved n-conjugated molecules. The
resulting compounds exhibit pronounced emission arising from n—=* transitions enhanced by a multiple
resonance effect, and display chiroptical properties due to their nonplanar geometries. This work estab-
lishes a new direct heteroatom insertion strategy, extending the concept previously demonstrated for
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incorporation of heteroatoms into nanographenes has proven
to be an effective strategy for modulating their structural, elec-
tronic, and magnetic properties without altering their
frameworks.’®™"® In particular, phosphorus-doped (P-doped)

Introduction

The bottom-up synthesis of large polycyclic n-conjugated mole-
cules yields structurally uniform nanographenes, which hold

great potential for applications in nanoelectronics, opto-
electronics, and spintronics."™ Among these, curved nanogra-
phenes with three-dimensional (3D) structures have garnered
attention due to their distinctive properties compared with
planar m-systems, such as high solubility, chiroptical pro-
perties, and rich supramolecular chemistry.”® Moreover, the
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polycyclic z-conjugated molecules have been extensively
explored owing to their attractive properties such as highly
electron-accepting ability and intense emission with high fluo-
rescence quantum yields."*** Furthermore, P-doped graphene
has generated significant interest as a promising material for
electrocatalysis, energy storage, sensing, and spintronics.***¢
In this context, introducing a phosphorus atom into a
n-conjugated framework via the formation of three C-P bonds
represents a direct and conceptually simple bottom-up
approach to P-doped nanographenes and related functional
n-systems. In general, Friedel-Crafts-type C-P bond formation
using chlorophosphines is an effective method to synthesize
P-doped  nm-conjugated molecules  (Scheme  1a).*27**
Nevertheless, the direct synthesis of triarylphosphine from
phosphorus trichloride (PCl;) through a triple C-P bond for-
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(a) Friedel-Crafts-type reaction with chlorophosphines
(Romero-Nieto, Angew. Chem. Int. Ed. 2015, ref 22)

(b) Friedel-Crafts-type reaction with inorganic PCl; or PSCl3
(Maler, Helv. Chim. Acta 1964, ref 47; Olah, J. Org. Chem. 1977, ref 48)
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(c) tandem Friedel-Crafts-type reaction with PCl3
(Hatakeyama, Org. Lett. 2011, ref 28)
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Scheme 1 Friedel—-Crafts-type bond formations from

chlorophosphines.

mation is not achieved, whereas the reaction of benzene with

phosphorus sulfochloride (PSCl;) affording triphenyl-
phosphine sulfide has been reported as the only example of
direct synthesis of triarylphosphine derivatives

(Scheme 1b).*”"*° Therefore, a triple C-P bond formation
directly from an inorganic phosphorus compound remains an
extremely rare transformation. This challenge has been
addressed by a tandem strategy involving the initial reaction of
an organometallic reagent with PCl; to generate R-PCl, inter-
mediates, which subsequently undergo intramolecular
Friedel-Crafts-type C-P bond formation to complete the
overall triple C-P bond formation (Scheme 1c).**' Thus,
achieving the direct formation of three C-P bonds using an in-
organic phosphorus compound without employing any
organometallic reagents, would represent a new strategy for
the insertion of a phosphorus atom into a n-framework.

In recent years, several triflic anhydride (Tf,0)-mediated
Friedel-Crafts-type C-P bond formation reactions have been
developed using organophosphorus oxides. For instance, the
use of secondary phosphine oxides (R,P(O)H) and phosphinic
acids (RP(O)(OH)H) as phosphorus sources has enabled the
synthesis of various n-conjugated compounds containing a
phosphorus atom (Scheme 2a and b).”*>> More recently, the
reaction of tertiary phosphine oxides (R;PO) with Tf,O was
also shown to afford the corresponding phosphonium salts
(Scheme 2c).>® These studies clearly demonstrate that the elec-
trophilicity of the phosphorus center can be significantly
enhanced through activation with triflate, thereby promoting
electrophilic C-P bond formation under metal-free conditions.
However, as reported by Lu and co-workers,>" diethyl phos-
phite does not undergo C-P bond formation (Scheme 2a), indi-
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(a) secondary phosphine oxides: Lu, Org. Biomol. Chem. 2018, ref 51
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Scheme 2 Tf,O-mediated Friedel-Crafts-type C—-P bond formation
reactions.

cating that the use of inorganic phosphorus compounds con-
taining no pre-existing C-P bonds remains unachieved.
Notably, the formation of a formal P(OTf); species, corres-
ponding to a phosphorus trication (P**), has been reported
through the reaction of PCl; with silver triflate (AgOTf),%”
tempting us to develop the direct phosphorus atom insertion
into m-conjugated frameworks via a P(OTf);-type intermediate
by the activation with Tf,O of phosphorous acid (H;PO3), an
air-stable and readily available inorganic phosphorus com-
pound. Herein, we report a direct phosphorus atom insertion
into m-conjugated frameworks using H3;PO; as a readily avail-
able and easily handled inorganic phosphorus source.
Activation of H3;PO; with Tf,0 enables the formation of three
C-P bonds with electron-rich n-systems, affording a new class
of P-doped polycyclic n-conjugated molecules (Scheme 2d).

Results and discussion

Phosphorus atom insertion into 1,3,5-tris(,N-ditolylamino)-
benzene

To validate our concept, we conducted the reaction of H;PO;
with 1,3,5-tris(N,N-ditolylamino)benzene 1 as a representative
example. The microwave-assisted reaction of 1 (1 equiv.) with
H;PO; (5 equiv.) in the presence of Tf,O (15 equiv.) and N,N-di-
methylaminopyridine (DMAP) (15 equiv.) in 1,2-dichlor-
oethane at 150 °C for 5 min using a microwave reactor yielded
1PO with one P=O moiety as a sole product (43% yield)
without oxidative treatment with H,0,, indicating that the
initially formed P(um) species 1P could spontaneously oxidize
with residual Tf,O in situ or with oxygen during workup under
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Table 1 Reaction of 1,3,5-tris(N,N-ditolylamino)benzene 1 with HzPO3?

Q. T alr

¥f3PO3 (x eq)

20 (v eq.)
DMAP(yeq)  F 3 Y Fi7 Y31 MY

o, 0,00 B a4, 00, 00
temp
=
microwave 100W

1PO 1(PO),
H,PO,/  Tf,0/ Temp./ Time/ 1PO%/  1(PO),%/

Entry eq. eq. °C min % %

1 5 15 150 5 43 0

2 5 5 150 5 0° 0

3 5 10 150 5 34 0

4 5 15 150 15 0 14

5 5 15 150 30 0 5

6 5 15 110 20 48 0

7 5 15 110 60 30 0

8¢ 5 15 110 20 0 0

9° 5 15 110 20 147 0

10 10 30 150 15 0 13

“Reaction of 1 (0.075 mmol) in 1,2-dichloroethane (0.5 mL) was
camed out under an argon atmosphere using a microwave reactor.

b Isolated yield. © 75% of 1 was recovered. ¢ The reaction was conducted
without solvent. ° The reaction was conducted in 1.5 mL of 1,2-dichlor-
oethane./72% of 1 was recovered.

ambient atmosphere (Table 1, entry 1).>> Although the reaction
with 5 equivalents of Tf,O and DMAP resulted in 75% recovery
of 1 (entry 2), increasing the amount to 10 equivalents of Tf,0
and DMAP led to the formation of 1PO, albeit in lower yield
(entry 3). To investigate the role of Tf,O and DMAP, we per-
formed *"P{'H} NMR experiments in CD;CN. Upon the treat-
ment of H;PO; with 3 equivalents of Tf,0 and DMAP, the dis-
tinct signal appeared at § = 97 ppm, corresponding to the P**
species, [P(DMAP),][OTf]; (6§ = 102 ppm)*>’ (Fig. S1). Using 2
equivalents also resulted in the formation of the P** species,
whereas no such signal was observed with only 1 equivalent of
Tf,0 and DMAP. These findings clearly indicate that the P**
cation is a key reactive intermediate in the phosphorus atom
insertion process. Nevertheless, mechanistic details of the C-P
bond formation - whether stepwise or concerted - remain
unsolved at this stage.

Then, we performed the reaction for 15 min, which pro-
duced 1(PO), with two P—O moieties in 14% yield, while 1PO
was not detected (entry 4). Interestingly, only anti-isomer of 1
(PO), was obtained, even though two P—O0 moieties could lead
to two isomers, namely, anti- and syn-isomers. The exclusive
formation of anti-isomer implies that the syn-isomer is less
stable, aligning with theoretical calculations (vide infra).
Prolonging the reaction time led to a decreased yield of 1(PO),
(entry 5). In contrast, performing the reaction at a lower temp-
erature (110 °C) afforded 1PO in 48% yield (entry 6); however,
1(PO), was not formed under these conditions, even with
extended reaction times (entry 7). The reduced yield observed
with longer reaction times may be attributed to the competi-
tive decomposition pathways in the presence of Tf,0
(vide infra, Table S1). To evaluate the influence of the solvent
volume, we examined the reaction under solvent-free con-
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ditions as well as in a larger amount of 1,2-dichloroethane.
Under solvent-free conditions, the reaction mixture generated
an insoluble solid, and no P-doped product was obtained
(entry 8). When the reaction was conducted in 1.5 mL of 1,2-
dichloroethane, 1PO was formed in 14% yield, accompanied
by 72% recovery of 1 (entry 9). These results suggest that
solvent is essential to maintain a homogeneous reaction
environment, while a sufficiently high concentration is also
required for efficient phosphorus atom insertion. In addition,
increasing the amount of H;PO; did not improve the yield of 1
(PO),, nor did it lead to formation of the product containing
three P=0 moieties (entry 10). The insertion of a third phos-
phorus atom may be hindered by structural constraints
imposed by existing C-P bonds, as well as diminished reactiv-
ity resulting from the electron-withdrawing effects of the P—=0
groups. It is noted that using a conventional oil-bath heating
instead of a microwave reactor required much longer reaction
time and gave 1PO and 1(PO), in lower yields (Table S2).

The structures of 1PO and 1(PO), were unambiguously con-
firmed by single-crystal X-ray diffraction analysis (Fig. 1 and
Fig. S2, Table S3). Following phosphorus insertion, 1PO
adopted a bowl-shaped conformation owing to a tetrahedral
geometry of phosphorus atom. The unit cell for 1(PO), con-
tained two independent molecules within the asymmetric
unit. Notably, 1(PO), adopts the anti-configuration for the two
P=0 moieties and exhibits a hetero[4]helicene-like structure
(rings A-D) (Fig. S2). Therefore, the insertion of multiple phos-
phorus atoms into arylamines proves to be an effective method
toward P-doped helical n-systems.

We also attempted to reduce the P—=O moieties of 1PO and
1(PO), to their corresponding P(m) species, 1P and 1P,.
However, the reaction of 1PO or 1(PO), with tetramethyl-
disiloxane (TMDS)’® led to the complete recovery of 1PO or 1
(PO),. Given that the o°A%-phosphorus center embedded
within electron-rich n-systems are often prone to oxidation
under ambient conditions,”®® the observed resistance to
reduction of the P=0 moiety likely arises from the highly elec-

Fig. 1 X-Ray crystal structure of 1PO: (a) top view and (b) side view.
Thermal ellipsoids represent 50% probability. Solvent molecules and
hydrogen atoms are omitted for clarity. In (b), p-tolyl groups are omitted
for clarity.
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tron-rich environment created by the presence of multiple
nitrogen atoms.

Substrate scope

Using the conditions described in entry 6 of Table 1, we inves-
tigated the reactivity of various arylamines (Scheme 3). The
reaction of compound 2, bearing an electron-withdrawing CF;
group, resulting in a 63% recovery of the starting material
without formation of the corresponding P-doped product, con-
sistent with the low reactivity of electron-deficient arenes
toward Friedel-Crafts-type reactions. In contrast, compound 3,
featuring an electron-donating OMe group, provided 3PO in

(a) reaction of trisubstituted arylamines

hSwel

H3PO;3 (5 eq )
Tf,0 (15 eq.)
DMAP (15 eq.)

View Article Online

Organic Chemistry Frontiers

only 6% yield, with no detectable products containing two or
three P=0 moieties, despite the expected higher reactivity of 3
compared to 1. To clarify this discrepancy, we conducted
control experiments in the absence of H;PO; (Table S1). Upon
treatment with Tf,0 and DMAP, 93% of 2 was recovered,
whereas only 15% of 3 remained. These results suggest that
electron-donating substituents may facilitate competing
decomposition pathways, thereby suppressing the formation
of the desired P-doped product.

Additionally, the reaction of carbazolylbenzenes 4-6
afforded the corresponding P-doped products 4PO-6PO in
lower yield (4-36%) than 1PO, which can be rationalized by

Q0,0
9 @

hewes OO

RQQ

2PO (R= CF3 0%

CICH,CH,CI
110 °C, 20 min ,,
microwave 100W

e Welsy

R R
2P0O-6PO

QT

R ke @

3PO (R = OMe) 6% 4PO 36% 5PO 19% 6PO 4%
(b) reaction of disubstituted arylamines

H3PO3 (5 eq.)

Tf,0 (15 eq.)

DMAP (15 eq.) -~

CICH,CH,CI

/©/ \©’ \©\ 110 °C, 20 min
microwave 100W O
7,8 7PO, 8PO
0T Qo
R R
OH O H
7P0O 45% 8PO 9%
(c) reaction of triphenylamine (d) reactlon of aryl ether
NPh
HsPOj3 (5 €q.) 2 HsPO;3 (5 €q.)
Tf,0 (15 eq.) Tf,0 (15 eq.)
DMAP (15 eq.) DMAP (15eq.) . O (6]
N CICH,CH,CI CICH,CH,Cl P
©/ \© 110 °C, 20 min /@’@\ 150 °C, 5 min 0
microwave 100W NPh microwave 100W
2
9PO 30% 10PO 5%?

Scheme 3 Phosphorus atom insertion into arylamines and aryl ethers using HzPOs.

Reaction conditions: arylamine (0.075 mmol), HzPOs3

(0.38 mmol), Tf,O (1.1 mmol), DMAP (1.1 mmol), 1,2-dichloroethane (0.5 mL); microwave irradiation at 110 °C for 20 min (100 W). ¢ Modified con-
ditions: compound 10 (0.15 mmol), HzPO3 (0.75 mmol), Tf,O (2.3 mmol), DMAP (2.3 mmol), 1,2-dichloroethane (1.0 mL); microwave irradiation at

150 °C for 5 min (100 W).
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the less electron-donating ability of carbazolyl moiety com-
pared to the di(p-tolyl)Jamino moiety. In particular, the yield of
6PO was only 4% under the standard conditions. To gain
insight into the factors limiting the yield, we conducted the
reaction of 6 with a shorter reaction time (10 min). In this
experiment, 6PO was obtained in 3% yield, while 47% of 6 was
recovered. This result indicates that the low yield is likely
attributed to competing decomposition pathways of either the
substrate and/or the product during the reaction by Tf,O
(vide infra). Single-crystal X-ray diffraction analysis unambigu-
ously confirmed the polycyclic structures of 4PO and 5PO
(Fig. 2 and Table S3). The reaction of 1,3-disubstituted ben-
zenes afforded the P(O)H-bridged products 7PO and 8PO, in
which the phosphorus atom was selectively introduced at the
para-position relative to the nitrogen atom on the central
benzene ring. The presence of the P(O)H moiety in 7PO and
8PO suggests the formation of a P-OH intermediate during
aqueous workup, which is subsequently converted to P(O)H.
The formation of 9PO from triphenylamine 9 further supports
the enhanced reactivity at the para-position relative to the
nitrogen atom, underscoring the importance of para-substi-
tution in governing regioselectivity. Notably, we also demon-
strated that this C-P bond-forming strategy is applicable to
aryl ethers: the P-doped oxygen analogue 10PO was success-
fully obtained from the corresponding aryl ether substrate.
These findings demonstrate that this metal-free direct phos-
phorus atom insertion strategy can be applied to electron-rich
n-systems, while the substrate scope is currently limited by the
electronic requirements of the reaction. In addition, attempts
to insert multiple phosphorus atoms into 3-6 by increasing
the reaction temperature to 150 °C resulted in diminished
product yields of 3PO-6PO and no detectable formation of
compounds bearing multiple P=O moieties. These outcomes
can be attributed to competitive decomposition of 3 (vide
supra) and the relatively lower electron-donating nature of com-
pounds 4-6, as reflected in their more positive oxidation
potentials (0.44-0.77 V) compared to that of 1 (0.37 V)
(Table S8, vide infra).

Photophysical properties

To investigate the effect of phosphorus atom on the photo-
physical properties of the products, we measured the UV/Vis

Fig. 2 X-Ray crystal structures of (a) 4PO and (b) 5PO. Thermal ellip-
soids represent 50% probability. Solvent molecules and hydrogen atoms
are omitted for clarity.
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absorption and fluorescence spectra of 1, 1PO, and 1(PO), in
toluene (Fig. 3 and Table S4). The absorption maxima of 1PO
and 1(PO), (Aaps = 364 nm) are markedly red-shifted relative to
that of 1 (A, = 304 nm), which can be attributed to the
n-extension facilitated by co-planarization of p-tolyl groups
through C-P bond formation. In contrast, the fluorescence
maxima of 1PO (1g = 388 nm) and 1(PO), (Ag = 374 nm) are
blue-shifted compared to that of 1 (1g = 391 nm), reflecting the
increased rigidity of their structures due to multiple C-P
bonds, as further supported by their reduced Stokes shifts.
Notably, 1PO exhibits red-shifted absorption and fluorescence
compared to those of P-centered triazatriangulene 11 (Fig. 4,
Aaps = 347 nm and Ag = 383 nm in CH,Cl,), which corresponds
to a n-n* transition.>® Given that the n-system of 1PO is com-
parable to that of 11, the observed red-shift in 1PO suggests a
significant contribution from intramolecular charge-transfer
(ICT) interactions between the electron-deficient triarylpho-
sphine oxide core and the electron-rich di(p-tolyl)amino sub-
stituent. Indeed, absorption and fluorescence spectra

c
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Fig. 3 UV/Vis absorption (black) and normalized fluorescence (red)
spectra in toluene at room temperature, and normalized phosphor-
escence spectra (green) in 2-MeTHF at —190 °C (delay time: 0.05 ms) of
(a) 1, (b) 1PO, and (c) 1(PO),. The samples were excited at A = 340 nm for
both fluorescence and phosphorescence measurements.
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Fig. 4 P-centered triazatriangulene 11.

measured in various solvents revealed pronounced solvato-
chromic behavior, supporting the presence of ICT interaction
(Fig. S3 and Table S5). In contrast, 1(PO), exhibited no solvato-
chromism, indicating the absence of ICT character (Fig. S4).
Although the fluorescence quantum yields (&) of 1PO (0.11)
and 1(PO), (0.09) are higher than that of 1 (0.06), the fluo-
rescence lifetimes (zg) were determined to be 0.7 ns and 0.5 ns
for 1PO and 1(PO),, respectively, which are considerably
shorter than that of 1 (1.4 ns) (Fig. S5). The radiative (k) and
nonradiative (k,;) rate constants are calculated from the ®g
and 7y values. The larger k, values for 1PO and 1(PO), than
that of 1 is ascribed to the effective n-delocalization over the
co-planarized structure. On the other hand, the &, values for
1PO and 1(PO), increases with the number of P=0 moieties.
While the highly rigid structure tends to reduce non-radiative
decays, the presence of phosphorus atoms may amplify the
heavy atom effect, resulting in the lower @ value for 1(PO),.
Moreover, 1PO and 1(PO), exhibit distinct phosphorescence
maxima at 423 nm and 408 nm, respectively, in 2-MeTHF at
—190 ©°C. From the fluorescence and phosphorescence
maxima, we calculated the energy difference between the S;
and T, states (AEgy) to be approximately 0.28 eV for both 1PO
and 1(PO),. The slightly smaller AEg; values than that for 1
can be rationalized by multiple resonance effects of nitrogen
and phosphorus atoms, reinforcing the potential of the phos-
phorus atom as an alternative to the boron atom in the
concept of multiple resonance effects.®”"®® Nevertheless, pre-
liminary photophysical studies for 1PO and 1(PO), revealed no
evidence of thermally activated delayed fluorescence (TADF)
(Fig. S6).

The P-doped products 3PO-6PO exhibited photophysical
properties similar to those of 1PO (Fig. S7-S14 and Table S4).
The higher @ values observed for 4PO-6PO compared to 1PO
can be attributed to their smaller k,, values, which correlate
with the enhanced structural rigidity imparted by the fused
framework. Additionally, the smaller AEg; values (approxi-
mately 0.3 eV) for 3PO-6PO, relative to their parent com-
pounds 3-6, support the presence of a multiple resonance
effect. In addition, the red-shifted absorption and fluorescence
spectra of 7PO-10PO upon phosphorus incorporation are also
attributed to co-planarization of the molecular framework
enabled by C-P bond formation.

Electrochemical properties

To investigate the electrochemical properties of 1, 1PO, and 1
(PO),, we performed cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) measurements (Fig. S15 and
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Table S6). The irreversible reduction peaks of 1PO and 1(PO),
were observed at —2.92 and —2.77 V versus the ferrocene/ferro-
cenium couple (Fc/Fc') in DMF, respectively, while no
reduction peak was observed for 1 at potentials down to —3.5
V. The positive shift in the reduction potential (E,.q) caused by
the first P—=O moiety should be larger than +0.5 V, whereas
that by the second P=0 moiety was only +0.15 V. The signifi-
cantly larger effect induced by the first P—=O moiety may be
originated from the co-planarized zn-system through C-P bond
formation as well as the electron-accepting nature of the P=0O
moiety due to the effective 6*-n* interaction. Additionally, 1PO
and 1(PO), exhibited the irreversible oxidation peaks at +0.48
and +0.59 V in acetonitrile, which were positively shifted rela-
tive to that of 1 (+0.37 V). The positive shifts in oxidation
potentials (E,,) also reflect the electron-withdrawing nature of
the P—0O moieties. A similar trend was observed for com-
pounds 3PO-10PO (Fig. S16-S20 and Table S6), indicating that
phosphorus atom insertion consistently influences the frontier
molecular orbitals. Notably, the positive shifts in E..q values
are substantially greater than that in E,,, suggesting a more
pronounced stabilization of the LUMO compared to the
HOMO.

Density functional theory (DFT) calculations

To gain further insight into the structural and electronic pro-
perties of 1PO and 1(PO),, we performed DFT calculations at
the B3LYP/6-31G(d,p) level. It is noteworthy that the syn-isomer
of 1(PO), is less stable than the anti-isomer by 30.7 k] mol™,
which is consistent with the selective formation of anti-isomer
(Fig. S21). The HOMO of 1PO is localized on the di(p-tolyl)
amino group, while the HOMO-1 and LUMO are localized on
the triarylphosphine skeleton. Notably, HOMO-1 exhibits sig-
nificant orbital distribution on the nitrogen atoms and at the
ortho and para positions relative to the phosphorus atom,
whereas the LUMO shows extensive distributions on the phos-
phorus atom and at the meta positions (Fig. 5). These orbital
distributions substantiate the multiple resonance effect in 1PO
and its relatively small AEgy value. The energy levels of the
HOMO and HOMO-1 are very close, indicating that these two
molecular orbitals are nearly degenerated. Time-dependent

EleV 1(PO),

= -0.88

HOMO-1
HOMO

Fig. 5 Selected Kohn—Sham orbitals of 1PO and 1(PO), at the B3LYP/6-
31G(d,p) level.
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(TD) DFT calculations for 1PO reveal two degenerated exci-
tations (HOMO/LUMO and HOMO-1/LUMO) (Table S7),
which is consistent with the mixing of a ICT transition
(HOMO/LUMO transition) and n-n* transition (HOMO-1/
LUMO transition) on the lowest absorption band. Moreover,
the TD-DFT calculations on the optimized geometry with the
polarizable continuum model (PCM) using various solvents
show good agreement with the solvatochromic behavior (vide
supra) (Table S8). In contrast to 1PO, the HOMO and LUMO of
1(PO),, are delocalized over the entire n-system, including the
hetero[4]helicene-like structure. Moreover, the HOMO and
LUMO of 1(PO), exhibit suitable orbital distributions for the
multiple resonance effect. Indeed, TD-DFT calculations for 1
(PO), indicate that the lowest excitation originates from the
HOMO/LUMO transition (Table S7).

Chiroptical properties of 1(PO), and 4PO

To investigate the chiroptical properties of 1(PO), and 4PO,
which originate from nonplanar structures, the racemic mix-
tures were separated into their respective enantiomers using
chiral HPLC (CHIRALPAK® IA) with CHCl; as the eluent
(Fig. S22). The enantiomers exhibited mirror-image electronic
circular dichroism (ECD) spectra with opposite cotton effects
(Fig. 6). The absorption dissymmetry factors (g.ps) were deter-
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Fig. 6 ECD and CPL (lex = 300 nm) spectra of (a) 1(PO), and (b) 4PO in
toluene. The sample concentrations for CPL measurements were 20 uM.
The g-values of 12 were taken from ref. 68.
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mined to be 1.1 x 107> at 364 nm for 1(PO), and 1.5 x 10™* at
382 nm for 4PO. Additionally, mirror-image circularly polar-
ized luminescence (CPL) spectra were observed, with emission
dissymmetry factors (gjum) of 1.1 x 107> at 425 nm for 1(PO),
and 2.1 x 10~* at 400 nm for 4PO. It is noted that the peaks at
375 and 425 nm for 1(PO), in the CPL spectra are attributable
to emission from the monomeric and aggregated states,
respectively, as the relative intensity (AI) at 425 nm increases
compared to that at 375 nm under high concentrations
(Fig. $23).°” The g.ps value of 1(PO), is comparable to that of
the [4]helicene derivative 12 (gaps = 1.1 x 107% at 434 nm),*®
indicating that the stabilization of the helical structure
through the insertion of P=—=0O moieties is advantageous for
achieving chiroptical properties. To evaluate the stability of the
enantiomers under thermal conditions, the isolated enantio-
mers of 1(PO), and 4PO were refluxed in toluene for 20 h, and
subsequently analyzed by chiral HPLC. No significant decrease
in enantiomeric purity was observed, indicating that racemiza-
tion is negligible under these conditions (Fig. 524).

Conclusions

We have developed a new synthetic strategy for the direct inser-
tion of phosphorus atoms into arylamines using H;PO; as a
readily available and easily handled inorganic phosphorus
source. This method provides a straightforward and metal-free
pathway to construct P-doped polycyclic n-conjugated systems
through the formation of three C-P bonds in a single step. The
products exhibit pronounced emission originates from m-m*
transitions enhanced by a multiple resonance effect, as sup-
ported by DFT calculations. Remarkably, the incorporation of
phosphorus atoms emerges as a viable alternative to the B,N-
doped =-systems realizing the multiple resonance effect.
Additionally, 1(PO), and 4PO display unique chiroptical pro-
perties, stemming from their inherent chirality due to nonpla-
nar configurations. This study demonstrates a new direct
heteroatom insertion strategy that extends the concept of one-
shot borylation previously established for boron®®~"? to phos-
phorus, thereby expanding the chemical space of heteroatom-
doped m-materials. We anticipate that this direct phosphorus
atom insertion strategy may serve as a basis for future develop-
ments toward more efficient and broadly applicable phos-
phorus atom insertion reactions, and for the design of func-
tional P-doped =-systems, including curved polycyclic frame-
works and related nanocarbon materials. Further exploration
of phosphorus atom insertion into diverse n-frameworks, as
well as efforts to expand the substrate scope, is currently
underway in our laboratory.
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