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Blchner-type ring expansion of aromatic main-
group biradicaloids toward phosphorus radical-
derived NIR-Il photothermal materials

Shihua Liu,?® Shunlin Zheng,? Jieli Lin,® Hansjérg Gritzmacher, @2

Cheng-Yong Su®? and Zhongshu Li @ *2

The Blchner reaction enables the construction of functionalized cycloheptatrienes and aromatic tropylium
cations, and has recently been extended to the ring expansion of arenes with low-valent main-group
systems. Although stable 67t-aromatic biradicaloids typically exhibit characteristic biradical reactivity, we

leverage the aromaticity of dicarbondiphosphides (1) to achieve an unprecedented Bulchner-type ring

expansion, yielding air-stable aromatic 1,3-diphospholium cations (3). Multimodal characterization (NMR,
UV-vis, SC-XRD, computational studies) confirms the 6m-aromaticity of 3. Reduction of 3 yields stable
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7m-electron neutral radicals (4),

which contrast with conventional five-membered neutral radicals

possessing 5t-electron systems. These radicals (4a: Amax = 1113.2 nm; 4b: Aynax = 1330.7 nm) exhibit
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Introduction

The Biichner reaction' has evolved into a versatile synthetic
strategy for the direct construction of functionalized cyclo-
heptatrienes® and aromatic tropylium cations from arenes.?
Extensive mechanistic studies have established that this trans-
formation proceeds through key norcaradiene intermediates
(A, Fig. 1A) via a [2 + 1] cycloaddition between arenes and carb-
enes.* This mechanistic framework has been substantiated by the
successful isolation of various norcaradiene derivatives (A_I,
Fig. 1B).” Recent advances have demonstrated the adaptation of
this ring-expansion reaction to main group element analogues of
carbenes, including silylenes,® phosphinidenes,” and alumyl-
enes.? The structural characterization of silicon- and phosphorus-
containing norcaradiene analogues, specifically silanorcaradiene
(A_I0**°* and phosphanorcaradiene (A_III, Fig. 1B),'* provides
strong experimental validation of this mechanistic pathway.
Biradicaloids, defined as species comprising two covalently
linked groups each carrying an unpaired electron that may
combine to give a singlet ground state, have garnered significant
interest due to their unique electronic configuration, unconven-
tional reactivity profiles, and promising applications in materials
science.” Despite their prevalence as transient intermediates in
chemical processes,” molecular design principles such as steric
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strong second near-infrared biowindow (NIR-Il, 1000-1350 nm) absorptions, and shown promising
application potential as the first phosphorus radical-derived organic NIR-Il photothermal materials.
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Fig. 1 (A) Buchner ring expansion of arenes; (B) selected isolable
examples of A; (C) Selected examples of biradicaloids with consider-
able aromaticity; (D) the highlights of this work.
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(A) Synthesis of 2a,b—4a,b; (B) Solid-state structure of 2a and 3a (ellipsoids are set to 50% probability; H atoms except H5A, H5B from 2a

and H3 from 3a, solvents, and anions are omitted for clarity). Selected distances (A): 2a: P1-C1 1.816(2), P1-C3 1.809(2), P1-C5 1.836(3), P2-C1
1.755(2), P2-C3 1.735(2), C1-C2 1.407(3), C3-C4 1.407(3), C5-Cl1 1.784(3); 3a: P1-C1 1.7842(19), P1-C3 1.738(5), P2-C1 1.7546(17), C1'-C3

1391, C1-C2 1.447(2), (1 + X, +Y, 1/2 — 2).

protection and spin delocalization have enabled the isolation of
stable singlet biradicaloids - especially those exhibiting
pronounced 6m-aromatic character.”® Representative examples
span diverse ring systems, including four-membered (B, and C),*
five-membered (D),* and six-membered heterocycles (E, Fig. 1C)."
Systematic investigations revealed that their chemical behaviour is
governed by the inherent biradical character of their transannular
radical centers, manifested in distinctive activation modes toward
dihydrogen (H,), disulphide, and unsaturated small molecules.****

Motivated by the aromatic nature of these biradicaloids, we
hypothesized that dicarbondiphosphides 1 (ref. 18) might
exhibit reactivity patterns reminiscent of conventional aromatic
compounds. Consistent with this premise, we previously
demonstrated their utility as 6m-electron ligands in half-
sandwich complexes formation.* Building on this foundation,
Coburger and co-workers recently disclosed 6m-complexes of 1
with main-group metal cations® and a related five-membered
diphosphaindeylide-based half-sandwich complex.”* However,
investigations into aromaticity-driven transformation in bi-
radicaloids remains limited. In this context, we herein disclose
a formal Biichner-type ring expansion of dicarbondiphosphides
1 to air-stable aromatic 1,3-diphospholium cations® 3 featuring

18776 | Chem. Sci,, 2025, 16, 18775-18782

two N-heterocyclic carbene (NHC)* substituents (Fig. 1C).
Multimodal characterization, including multinuclear NMR
spectroscopy, UV-vis absorption spectroscopy, single-crystal X-
ray diffraction (SC-XRD), and computational studies, unequiv-
ocally confirm the structural and electronic features of 3.
Chemical reduction of 3 yields novel stable 77m-electron neutral
radicals 4 (Fig. 2), whereas conventional five-membered cyclic
neutral radicals predominantly possess a 5m-electron system.>*
These radicals (4a: Ayax = 1113.2 nm; 4b: A, = 1330.7 nm)
exhibit strong absorption in the second near-infrared region
(NIR-II biowindow, 1000-1350 nm).>* The temperature of 4a and
4b as a powders in NMR tube, increased to 63 °C and 56 °C in
180 s upon the irradiation of NIR-II laser (1064 nm, 0.5 W cm ™ ?),
establishing it at the first phosphorus radical-based organic
NIR-II photothermal material.*®

Results and discussion

Synthesis and characterization of 1,3-diphospholium salts
3a,b

The electronic ground state of NHC substituted di-
carbondiphosphides (L,C,P,) can be described by three major

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resonance forms: aromatic (1_I), biradicalloid (1_II), and zwit-
terionic (1_III, Fig. 2A), determining their unique reactivity in
coordination chemistry and small molecule activation.'7e&>27
Treatment of 1a (L = SIPr = 1,3-bis-(2,6-diisopropylphenyl)
imidazolidin-2-ylidine) and 1b (L = IPr = 1,3-bis-(2,6-
diisopropylphenyl)imidazole-2-ylidine) =~ with  excess  di-
chloromethane at room temperature (RT) afforded red powders
2a ([(S1Pr),C,PP(CH,Cl)]C]) or 2b ([(IPr),C,PP(CH,CI)]Cl) in over
75% isolated yield (Fig. 2A). The *'P NMR spectra of 2a or 2b
displayed resonances at 6(*'P) = 452.9 ppm (d, */pp = 65.2 Hz)
and 59.7 ppm (dt, *Jpp = 65.2 Hz, */py = 10.9 Hz), or 6(*'P) =
396.0 ppm (d, *Jpp = 67.7 Hz) and 58.0 ppm (dt, >Jpp = 67.7 Hz,
Jpn = 11.1 Hz), respectively. The molecular structures of 2a,b
are confirmed by SC-XRD analyses (Fig. 2B and S22). In the case
of 2a, P1 adopts a trigonal pyramidal geometry (£ CPC = 294.1°)
with the formation of a new P1-C5 single bond (1.836(3) A),
while P2 is two-coordinated. The P1-C1 (1.816(2) A) and P1-C3
(1.809(2) A) are longer than P2-C1 (1.755(2) A) and P2-C3
(1.735(2) A). The NHC-C linkages (avg. 1.407 A) show significant
elongation compared to precursor 1a (avg. 1.388 A).’* These
features correlate with positive charge delocalization across P2
and two NHC substituents.?”**

Deprotonation of 2a,b with excess of triethylamine in
acetonitrile at elevated temperature yielded yellow or pink
powders 3a ([(SIPr),C,P,(CH)]C]) or 3b ([(IPr),C,P,(CH)]C]) in
over 86% yield (Fig. 2A). Multinuclear NMR spectra and SC-XRD
analyses confirmed the molecular structures of 3a,b as cationic
five-membered heterocycles with chloride as counterion. The
3P NMR spectra of 3a or 3b exhibited resonances at 6(*'P) =
252.3 ppm (d, *Jpp = 15.9 Hz) and 216.9 ppm (dd, */pp = 15.9 Hz,
%Jpu = 45.3 Hz), or 6(*'P) = 229.1 ppm (d, *Jpp = 14.3 Hz) and
207.9 ppm (dd, *Jpp = 14.3 Hz, *Jp; = 45.3 Hz), respectively.
Those chemical shifts are comparable to the ones of precursors
1a (6°'P = 227.8 ppm) and 1b (6*'P = 196.3 ppm), which implies
the presence of m-electron delocalization over two-coordinated
phosphorus centers. An unambiguous assignment of the
molecular structure of 3a was obtained based on SC-XRD
analyses (Fig. 2B). The central C;P, ring is planar and the
bond distances are in the range for delocalized P=C (1.78-1.74
A) and C=C bonds (1.39 A) [Sreoy(P-C) = 1.86 A, Zreo,(P=C) =
1.69 A, Zreo(C-C) = 1.50 A, Zre0,(C=C) = 1.34 A].*® The C-C
bond lengths between the C;P, ring and SIPr groups are
1.447(2) A, much longer than typical C=C double bonds, indi-
cating high electron donation from the SIPr groups to the
central C;P, ring. These structural features of 3 support the
presence of an aromatic C3P, ring (3_II). Indeed, this may be
one reason why 3 is air stable. There are few low-valent organ-
ophosphorus compounds, which exhibit such high air
stability.*

Computational insights into the electronic structure and
a possible reaction mechanism

For a better understanding of the electronic structure of 3,
density functional theory (DFT) calculations®* at the BP86/
Def2SVP level were carried out for the simplified model
3a™,'% where the NHC SIPr were replaced with SIMe (SIMe =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LUMO

IBO-1 IBO-2

Fig.3 (A) Kohn—Sham MOs (isovalue = 0.05) of simplified model 3a™;
(B) Visual representation of selected IBOs. L = SIMe.

1,3-dimethyl-imidazoline-2-ylidine). Detailed molecular orbital
analysis (Fig. 3A) revealed that the highest occupied molecular
orbital (HOMO), HOMO — 1, and HOMO — 6 predominantly
comprise T-type orbitals of the C;P, ring, while the lowest
unoccupied molecular orbital (LUMO) primarily delocalizes
across the phosphorus p-type orbital and the NHC-linked C=C
m-type orbitals. Quantitative aromaticity assessment via the
calculation of the nuclear independent chemical shift (BP86/
Def2TZVP) yielded NICS(1) = —9.0 ppm for 3a™ versus NICS(1)
= —9.8 ppm for benzene, confirming significant aromatic
character. This is in stark contrast to the weakly aromatic
precursor 1a™ (NICS(1) = —4.1 ppm). Intrinsic bond orbital
(IBO)** analysis at PBE/Def2SVP level of theory further corrob-
orate the electronic delocalization of the p-electron system
(Fig. 3B). IBO-1 is mainly the m-type orbital of P=C bond, and
IBO-2 or IBO-3 represent two 7-type orbitals over the P-C-C or
P-C units of the C;P, ring that are polarized towards the NHC
groups. These computational findings conclusively demon-
strate a 6m-aromatic C;P, core with positive charge delocaliza-
tion over one of the phosphorus atoms and its two adjacent
NHC groups in 3.

The mechanism leading to 3a from the postulated interme-
diate formed by the deprotonation of 2a was probed by DFT
calculations at the SMD-BP86/Def2TZVP//BP86/Def2SVP level of
theory for the model 3a™.** The minimum energy reaction
pathway (MERP) for a possible rearrangement is shown in
Fig. 4. The formation of a norcaradiene-type intermediate IN2
(1.7 keal mol™; ¢.fA In Fig. 1A) via [2 + 1] cycloaddition between
one of the P-C bond and transient carbene is nearly thermal
neutral and proceeds via the activated complex TS1
(24.3 keal mol ™). The following P-C cleavage is easily achieved

Chem. Sci., 2025, 16, 18775-18782 | 18777
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via TS2 (0.2 kcal mol™') to generate ring-expanded IN3
(—13.5 keal mol ™) in an exergonic reaction, which precludes
any experimental detection of IN2. In the final step, C-Cl
cleavage leads to the thermodynamically favored product 3a™
(—65.7 kcal mol™"). In addition, Schulz and co-workers have
predicted that the ring-expansions of a four-membered di-
phosphadiazanediyl (C, Fig. 1C) with carbon monoxide (TS >

A B
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37 keal mol ')**¢ or isonitriles (TS > 48 kcal mol *)***** to five-
membered biradicaloids via biradical-type ring expansion
mechanism are kinetically unfavourable. Thus, the formation of
3 likely proceeds via a Biichner-type mechanism via kinetically
accessible transition states (<25 keal mol ™) with strong overall
thermodynamic driving forces (>70 kcal mol ™).

Synthesis and characterization of neutral 77-electron radicals
4a,b

The cyclic voltammograms of a dichloromethane solution using
0.1 M [BuyN][PFs] as the electrolyte show a reversible one-
electron redox wave at E;,, = —1.61 V (3a, Fig. 5A) or —1.57 V
(3b, Fig. S23) at a scan rate of 0.1 V s~ ' (vs. Fc'/Fc, Fc¢' = fer-
rocenium, Fc = ferrocene), alluding to the generation of long-
lived radicals. Chemically, 3a,b can be quantitatively reduced
with magnesium powder yielding highly air-sensitive neutral
radicals 4a,b as brown powders. The X-band CW-EPR spectra of
4a,b (Fig. 5, and S23) in 2-methyltetrahydrofuran at RT show
a doublet due to large isotropic *'P hyperfine coupling
constants (HFC) (av. giso = 2.0045, a;5,(P2) = 153.4 MHz for 4a,
Ziso = 2.0041, a;,(P2) = 127.2 MHz for 4b). In frozen solution at
100 K, the main features of the spectra of 4a,b correspond to
primarily anisotropic *'P hyperfine interactions. The simulation
of these spectra yielded the principal g values and HFCs for 4a
as g = [2.0027, 2.0090, 2.0020], and A(P2) = [5.1, 5.1, 450.2]
MHz; for 4b as g = [2.0031, 2.0072, 2.0020], and A(P2) =[3.2, 3.2,
375.1] MHz, respectively. An analysis of the solution and
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(A) Cyclic voltammogram of 3a; CW-EPR spectra at RT (B) and 100 K (C), calculated spin densities (density = 0.004) (D), solid-state

structure (Ellipsoids are set to 50% probability; H atoms are omitted for clarity) (E), selected distances (A): P1-C1 1.787(8), P1-C5 1.719(3), C5-C3
1.444(16), P2-C3 1.790(7), P2-C1 1.793(7), C1-C2 1.396(10), C3-C4 1.394(9), and experimental UV-Vis spectrum shown in black line and

calculated Gaussian absorption bands shown in blue bars (F) of 4a.
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anisotropic solid-state EPR spectra allow to estimate the total
spin density at P2 to be 41.6% for 4a and 33.8% for 4b,
respectively. Consistent with these experimental data, DFT
calculations at the BP86/Def2SVP level of theory on the opti-
mized structures (see ESI for details) show that the Mulliken
spin density (Fig. 5D) is primarily localized on P2 (43.5%), C2
(20.6%), and C4 (18.4%) for 4a, and localized on P2 (38.3%), C2
(12.4%), and C4 (16.2%) for 4b, respectively.

Brown single crystals of 4a were grown from a saturated
hexane solution via slow evaporation at RT and studied by SC-
XRD analysis (Fig. 5E). Like in the precursor 3a, the central
C;P, ring of 4a is planar indicating significant electron delo-
calization over the ring skeleton. The P1 = C5 bond [1.719(3) A
vs. 1.738(5) in 3a] is shortened while all other P-C bonds (avg.
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Fig. 6 (A) The temperature changes of blank, 3a and 4a powders
under laser irradiation (1064 nm, 0.5 W cm™~2); (B) IR thermal images of
4a powder; (C) Anti-photobleaching properties of 4a powder during
five cycles of heating—cooling processes.
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1.79 A) and C-C bonds (1.444(16) A) are elongated as compared
to those in 3a indicating reduced aromaticity, but these bonds
distances remain in the range of delocalized bonds.* The C=C
bonds (avg. 1.40 A) between the C;P, ring and SIPr groups in 4a
are shorter than that in 3a [1.447(2) A] implying enhanced
electron back-donating from the C3;P, ring to SIPr. The
ultraviolet-visible (UV-Vis) absorption spectra of solutions of
4a,b in toluene exhibit strong absorptions at Ay, = 1113.2 nm
(4a) and 1330.7 nm (4b). According to time-dependent density
functional theory (TD-DFT) calculations, these absorptions
arise mainly from electronic transitions of the highest singly
occupied molecular orbital (SOMO) to the singly unoccupied
molecular orbital (SUMO) (m-m*), 1076.3 nm (4a, Fig. 5F),
1205.6 nm (4b, Fig. S27).

Photothermal materials operating in NIR-II biowindow
(1000-1350 nm)* have attracted significant interest due to
advantages like deep tissue penetration and high maximum
permissible exposure.** Nevertheless, designing organic NIR-II
photothermal materials remains challenging.**?*¢ Organic radi-
cals are promising candidates, as their SOMO-SUMO gaps are
inherently narrower than the HOMO-LUMO gap of closed-shell
molecules, enabling efficient NIR photothermal conversion.*®
Radicals 4a (Apnax = 1113.2 nm, 5300 M~ ' cm ™) and 4b (Apax =
1330.7 nm, 4577 M~ " cm™') are among the few phosphorus-
centered radicals exhibiting strong absorptions within the
NIR-II biowindow.?” Photothermal performance was evaluated
using powdered samples in sealed NMR tubes monitored by an
IR camera. Under 1064 nm laser irradiation at a powder density
of 0.5 W cm™?, compounds 4a and 4b exhibited a rapid
temperature increases, reaching 63 °C and 56 °C within 180 s,
respectively. In contrast, compounds 3a (Ama.x = 402.5 nm,
4251 M ' em ") and 3b (Apax = 569.1 nm, 753 M~ cm '), along
with blank controls, showed negligible heating (Fig. 6 and S24).
After five consecutive irradiation cycles, both 4a and 4b powders
showed negligible degradation in photothermal performance,
demonstrating satisfactory thermal and photostability. This
efficient photothermal conversion establishes 4a and 4b as the
first phosphorus radical-based organic photothermal materials
operating in the NIR-II region. Unfortunately, the high air
sensitivity of these radicals limited their practical applications,
necessitating the use of an inert atmosphere.

Conclusions

Building upon the 140 year legacy of the Biichner reaction," this
work demonstrates that aromatic biradicaloids undergo anal-
ogous Biichner-type ring expansions, as exemplified by the
transformation of dicarbondiphosphides 1a,b into aromatic
1,3-diphospholium cations 3a,b. DFT calculations prove this
process is Kkinetically accessible and thermodynamically
favourable, proceeding through a classical [2 + 1] cycloaddition
pathway. The 67-aromaticity of 3a,b is unequivocally supported
by NMR, SC-XRD analysis, and quantum chemical calculations.
Crucially, reduction of 3a,b yields stable 7m-electron neutral
radicals 4a,b, which exhibit strong NIR-II absorption and effi-
cient photothermal conversion. This study extends the scope of
Biichner reaction to biradicaloid systems, and paves the way for

Chem. Sci., 2025, 16, 18775-18782 | 18779
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designing novel aromaticity-driven main-group trans-
formations with potential applications in photothermal
materials.
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