Open Access Article. Published on 22 May 2025. Downloaded on 7/24/2025 2:38:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2025,
61, 9420

Received 30th April 2025,
Accepted 21st May 2025

luminophoref

Tomohiro Higashino,
Hiroshi Imahori () *ac<

DOI: 10.1039/d5cc02428e

rsc.li/chemcomm

During the planned synthesis of carbon-bridged fused phospholes,
an unexpected intramolecular cyclization of p-(hydroxymethyl)-
phosphole yielded 1-phospha-1,6a-dihydropentalene, besides the
expected cyclized product. The solid-state emission of 1-phospha-
1,6a-dihydropentalene indicates its potential as a 1,3-butadiene-
based solid-state luminophore.

Incorporating bridging structures into n-systems can modulate
their optical and electronic properties by introducing structural
constraints and electronic perturbations via heteroatoms.
Phosphorus-bridged n-conjugated molecules, especially fused
phosphole derivatives, exhibit remarkable physicochemical
properties, such as highly electron-accepting ability and intense
emission with high fluorescence quantum yields.’™ In addition,
carbon-bridged structures offer optimal conjugation due to their
highly planar and rigid conformation."®"® In this context, a
rational synthetic methodology for carbon-bridged fused phosp-
holes would be useful toward effectively n-extended phosphole-
based functional materials.

Although B-(hydroxymethyl)phospholes serve as key precur-
sors to carbon-bridged fused phospholes, successful synthetic pro-
tocols for B-substituted 2,5-diarylphospholes remain limited.'*"”
Given the proposed reaction mechanism for the n-BuLi mediated
synthesis of 2,5-diarylphospholes from 1,3-butadiynes and phenyl-
phosphine (PhPH,), we envisioned that treating 1,3-butadiynes with
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Unexpected cyclization of p-(hydroxymethyl)-
phosphole into 1-phospha-1,6a-dihydrophos-
phapentalene: a fused 1,3-butadiene-based
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a stoichiometric amount of n-Buli could generate [-lithiated
intermediates.'®"® Subsequent reaction with ketones and oxida-
tion of phosphorus atom would yield B-(hydroxymethyl)phosphole
P-oxides, which could be transformed into carbon-bridged fused
phosphole P-oxides via intramolecular Friedel-Crafts cyclization.
Following this strategy, we pursued the straightforward synthesis
of carbon-bridged fused phospholes and unexpectedly discovered
the formation of 1-phospha-1,6a-dihydropentalene (Scheme 1).
Though Latscha and co-workers reported the synthesis of a
1-phospha-1,6a-dihydropentalene derivative in 1991," further
exploration and detailed analysis of their properties have not
been conducted. Herein, we report the intramolecular Friedel-
Crafts cyclization reaction of B-(hydroxymethyl)phospholes, yield-
ing 1-phospha-1,6a-dihydropentalene as well as anticipated
carbon-bridged fused phospholes.

First, we embarked on synthesizing B-substituted 2,5-diaryl-
phospholes (Scheme 2). Treating PhPH, with a stoichiometric
amount of n-BulLi (1 equiv.) and subsequently adding 1,4-diphenyl-
butadiyne generated the B-lithiated phosphole intermediate at
—78 °C. Reacting this intermediate with benzophenone at
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Scheme 1 n-Buli mediated synthesis of B-substituted phospholes and
intramolecular Friedel-Crafts cyclization of B-(hydroxymethyl)phospholes.

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0002-9531-8569
https://orcid.org/0000-0003-3506-5608
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cc02428e&domain=pdf&date_stamp=2025-05-28
https://doi.org/10.1039/d5cc02428e
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc02428e
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC061052

Open Access Article. Published on 22 May 2025. Downloaded on 7/24/2025 2:38:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

HO_ Ph
PhPH,
n-BuLi Ph,CO Ph
Ar——=——="Ar /N
toluene/THF —45°C Ar p” TAr
-78°C I':‘h
Ar = Ph, 1-naphthyl 1a (Ar = Ph)
1b (Ar = 1-naphthyl)
HO_ Ph
Ph
HzOz aq. / \
CH,Cl, Ar P\ Ar
rt. O Ph
2a (Ar=Ph) (23%)

2b (Ar = 1-naphthyl) (20%)
Scheme 2 Synthesis of B-(hydroxymethyl)phospholes 1 and 2.

—45 °C then afforded the desired B-(hydroxymethyl)phosphole
1a. Due to the instability of the o®A’-phosphole 1a under
ambient conditions, it was difficult to isolate using conventional
silica-gel column chromatography. Therefore, the crude 1a was
converted into the stable phosphole oxide 2a by oxidation with
an aqueous H,O, solution. Additionally, we synthesized the
B-substituted phospholes 1b and 2b in a similar manner using
1,4-di(1-naphthyl)butadiyne.

Next, we conducted the intramolecular Friedel-Crafts cycliza-
tion reaction of phosphole P-oxides 2 in the presence of BF;-Et,O
as reported by Yamaguchi and co-workers (Scheme 3).>°”* When
2a was treated with 1 equivalent of BF;-Et,0, it was completely
recovered after conventional aqueous workup, suggesting that
the stoichiometric amount of BF; was consumed to form a
phosphine oxide-BF; adduct.***® Conversely, treating 2a with
an excess amount of BF;-Et,O (5 equiv.) proceeded smoothly,
yielding a new product 3 in high yield (87%). Surprisingly, the
crystal structure of 3 unambiguously revealed a 1-phospha-1,6a-
dihydropentalene skeleton, not the anticipated carbon-bridged
fused phosphole (Fig. 1a and Table S1, ESIt). Notably, the two
phenyl groups at the 1- and 6a-positions adopted a syn-
configuration, and the anti-isomer was not obtained. The selec-
tive formation of the syn-isomer can be explained by the steric
hindrance of the phenyl group on the phosphorus atom in the

BF3-Et20
—_—

CH,Cl,
40°C

5 (11%)

Scheme 3 Intramolecular cyclization reaction of phosphole P-oxides 2 in
the presence of BFsz-Et,0.

This journal is © The Royal Society of Chemistry 2025

View Article Online

ChemComm

Fig. 1 X-Ray crystal structures of (a) 3, (b) 4, and (c) 5. Thermal ellipsoids
represent 50% probability. Hydrogen atoms and solvent molecules are
omitted for clarity.

transition state (vide infra). The C-C bond lengths of C2-C3
(1.5260(18) A) and C2-C8 (1.5218(18) A) clearly indicate that 3
possesses an sp>-carbon atom at the 6a-position (C2 atom in
Fig. 1a). The C4-C5 (1.3584(18) A) and C3-C6 (1.3553(18) A) bond
lengths are almost comparable to a typical C—C double bond
length (1.35 A) in 1,3-butadiene.*® Thus, the crystal structure
clearly corroborates that 3 possesses a 1,3-butadiene skeleton.

In contrast to the reaction of 2a, the reaction of 2b with BF;-
Et,O resulted in two new compounds, 4 (16%) and 5 (11%),
which were successfully separated by HPLC-GPC (Scheme 3).
The structures of 4 and 5 were confirmed by single crystal X-ray
diffraction analysis, revealing them to be the expected carbon-
bridged 1,8- and 1,2-fused phospholes, respectively (Fig. 1b, c
and Table S1, ESIt). The slightly higher yield of 4 compared to 5
is attributed to the higher reactivity at the a-position than the
B-position of naphthalene.

To elucidate the reaction mechanism of the intramolecular
Friedel-Crafts cyclization reactions and understand the selectivity
of the products, we conducted the density functional theory
(DFT) calculations at the ®B97XD/6-311G++(d,p)//B3LYP/6-
31+G(d,p) level with the polarizable continuum model (PCM)
using CH,Cl, as a solvent (Tables S2 and S3, ESI{). Given that one
equivalent of BF; is consumed to form the phosphine oxide-BF;
adduct (vide supra), we set the phosphine oxide-BF; adducts S1
and S2 as starting materials for the intramolecular cyclization.

First, we examined the reaction mechanism for 2,5-diphenyl-
phosphole S1 (Fig. 2). The hydroxy group of S1 is activated by
additional BF;, generating the cation intermediate INT1 via TS1.
Intramolecular C-C bond formation then occurs via TS2a—c, and
the deprotonation of the resultant intermediates INT2a-c
affords the products. The energy barrier for TS2a (AG™ =
+17.9 keal mol ™) to produce a 1-phospha-1,6a-dihydropentalene
with syn-configuration P1a is smaller than those for TS2b (AG* =
+20.2 keal mol ') and TS2¢ (AG* = +20.6 kecal mol "), which yield
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Fig. 2 Mechanistic studies of intramolecular cyclization for 2,5-diphenylphosphole S1 using DFT methods at the ®B97XD/6-311G++(d,p)//B3LYP/6-
31+G(d.p) level with polarizable continuum model (PCM) using CH,Cl, as the solvent. The relative Gibbs free energy values are given in kcal mol™* units.

a 1-phospha-1,6a-dihydropentalene with anti-configuration P1b
and a carbon-bridged fused phosphole Plc, respectively. In TS2a,
the C3-C6 bond length (1.406 A) is significantly shorter than the
non-conjugated C(sp?)-C(sp°) single bond length (1.48 A),*” imply-
ing the contribution of a C—C double bond (Fig. S1, ESIt). The
small torsion angle of C2-C3-C6-C7 (19°) is consistent with the
double bond character of the C3-C6 bond. TS2a thus possesses an
allylic cation-like structure. Furthermore, the short H8---F1 dis-
tance in TS2a (2.13 A) implies activation of the C8 atom by the
CH- - -F hydrogen bond interaction (2.20-2.26 A).*® Although the
structural features of TS2b (C2-C3: 1.459 A; C3-C6: 1.404 A; / C2-
C3-C6-C7: 18°) also suggest an allylic cation-like structure, the
larger torsion angle of C2-P1-O1-B1 for TS2b (73°) compared to
TS2a (58°) suggests significant steric repulsion between the BF;
moiety and the phenyl ring at the 2-position, destabilizing TS2b.

In contrast to TS2a and TS2b, the long C3-C6 bond length
(1.497 A) and the large torsion angle of C2-C3-C6-C8 (81°)
agree with the single bond character of the C3-C6 bond. As a
result, the localized positive charge on the C6 atom destabilizes
TS2c. Overall, TS2a is stabilized by the delocalized positive charge
over the allylic cation-like structure, minimal unfavorable steric
repulsion, and activation through intramolecular CH- - -F hydrogen
bond interaction. Since the C-C bond formation should be the rate-
determining step, the smallest AG* value of TS2a clearly supports
the selective formation of 1-phospha-1,6a-dihydropentalene with
syn-configuration.

The calculated reaction mechanism for 2,5-dinaphthyl-
phosphole S2 is depicted in Fig. S2 (ESIf). We examined three
pathways from the cation intermediate INT3 to form the possible
products, the 1-phospha-1,6a-dihydropentalene P2a and two
carbon-bridged fused phospholes P2b and P2c. In contrast to
S1, the AG' value of TS4a for forming a 1-phospha-1,6a-
dihydropentalene P2a (AG* = +22.0 kcal mol™") is considerably
higher than those of TS4b (AG* = +16.5 kcal mol~*) and TS4c (AG*
=+17.0 keal mol ") for carbon-bridged fused phospholes P2b and

9422 | Chem. Commun., 2025, 61, 9420-9423

P2c. The steric hindrance of the naphthyl group at the 2-positoin
against the diphenylmethyl group at the 3-position destabilizes
TS4a (Fig. S3 and S4, ESIt). Moreover, the higher reactivity of the
naphthyl group compared to the phenyl group toward electro-
philic substitution reactions promotes the formation of carbon-
bridged fused phospholes. Therefore, the selectivity of the
products can be rationalized by the steric hindrance and
reactivity of the aryl substituents at the 2-position on the
phosphole skeleton. Additionally, the slightly smaller AG* value
of TS4b compared to TS4c is attributed to the higher reactivity at
the a-position than the B-position of naphthalene, which aligns
with the higher yield of 1,8-fused phosphole 4 compared to 1,2-
fused phosphole 5 (vide supra).

We examined the optical properties of the products 3-5
(Fig. 3 and Table S4, ESIt). The blue-shifted absorption and
fluorescence of 3 compared to the reference phosphole 6 can be
attributed to the less effective interaction of c*-orbital of the P-C
bond and n*-orbital of the butadiene moiety in 3 because of the
sp’ carbon atom neighboring the phosphorus atom. In addition,
the s-trans configuration of the 1,3-butadiene skeleton in 3 may also
contribute to the blue-shifted absorption.>® On the other hand,
the carbon-bridged fused phospholes 4 and 5 exhibit red-
shifted absorption and fluorescence in comparison with the
non-fused phosphole 7. The sp® carbon atom contributes to the
effective m-extension resulting from the co-planarization of
the naphthyl group.

Notably, 1-phospha-1,6a-dihydropentalene 3 exhibits distinct
fluorescence even in the solid state whereas phosphole derivatives
4-7 show no emission in the solid state (Fig. S5, ESIT). Importantly,
the @ value of 3 in the solid state (0.25) is considerably higher than
that in solution (0.04). Given that aryl-substituted 1,3-butadiene
structure have emerged as effective scaffolds for solid-state emission
owing to their aggregation-induced emission (AIE) features,**>* a
1-phospha-1,6a-dihydropentalene structure can also be a promising
platform for fused 1,3-butadiene-based solid-state fluorophores.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 UV/Vis absorption (solid lines) and normalized fluorescence
(dashed lines) spectra of (a) 3 (red) and 6 (black), and (b) 4 (red), 5 (blue),
and 7 (black) in CH,Cl,. For fluorescence measurements, the samples were
excited at Aey = 370 nm for 3, Ao, = 430 nm for 4, 1o, = 450 nm for 5, and
Jex = 395 nm for 6 and 7.

In summary, we pursued a rational synthetic protocol for
carbon-bridged fused phospholes and unexpectedly discovered
an intramolecular cyclization reaction of B-(hydroxymethyl)-
phosphole 2a, resulting in the formation of 1-phospha-1,6a-
dihydropentalene 3. Theoretical investigations into the reaction
mechanism described plausible pathways, suggesting that the
product selectivity is governed by the substituents at the
2-position on the phosphole skeleton. Importantly, we revealed
the solid-state emissive nature of 3 for the first time, indicating its
potential as a 1,3-butadiene-based solid-state luminophore. Thus,
we believe that further investigation on the intramolecular cycliza-
tion reaction of B-(hydroxymethyl)phospholes will pave the way for
developing 1-phospha-1,6a-dihydropentalenes and carbon-bridged
fused phospholes as promising organic functional materials.
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