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ABSTRACT

The tandem phospha-Friedel�Crafts reaction transforms dichloro(m-teraryl)phosphine to the corresponding triarylphosphine derivatives
containing curved π-conjugated frameworks with a phosphorus ring junction. The rigid molecular frameworks enable these unprecedented
phosphine compounds to hold an extended π-conjugation spread over the whole molecule.

π-Conjugatedmolecules are an important class ofmaterials
for organic electronics, dyes, sensors, and liquid crystals.1

Incorporation of heteroatoms into a π-conjugated skeleton is
a promising way to modulate their physical properties, and
thus, intensive effortshavebeendevoted to theconstructionof

newhetero-π-conjugated frameworks.2 Because of the lack of
a suitable synthetic method, only a few π-conjugated mole-
cules with ring junction heteroatoms3,4 have been synthesized
to date, even though numerous theoretical investigations5

suggested that those hetero-π-conjugated molecules could
be attractive substructures of heteroatom-embedded nano-
carbons.6 We envisioned that the development of a tandem
hetero Friedel�Crafts reaction7 could provide facile access to
the π-conjugated frameworks with ring junction heteroatoms
as shown inScheme1.Toavoidundesirable five-member-ring
formation established as theheterole synthesis,7c,d,f�hwehave
done careful screening of additives, reaction conditions, and
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starting substrates. Finally, we have found that the tandem
phospha-Friedel�Crafts reaction of dichloro(m-teraryl)-
phosphine (XY2 = PCl2) affords phosphaperylenes 1 via
selective 6,6-ring-closure under particular conditions. Herein,
we disclose experimental details of the synthesis, crystal
structures, and physical properties of 1 and their derivatives.

The synthetic route is described in Scheme 2: selective
lithiation at the 2-position of 1,3-dichlorobenzene and sub-
sequent treatmentwith2equivof arylGrignard reagents gave
m-teraryl iodides 2a�2c in 32�79% yields upon iodination
quenching.8 Lithium�halogen exchange of 2a�2c and sub-
sequent trapping of the resulting aryllithiums with trichlo-
rophosphine gave m-terarylphosphine dichlorides 3a�3c.
After the careful screening of additives and reaction condi-
tions, the tandemphospha-Friedel�Crafts reaction of 3a�3c

was achieved by the combined use of S8, AlCl3, and NEt(i-
Pr)2.

9 Notably, the tandem reaction selectively gave 6,6-ring-
closure products, phosphine sulfides 4a�4c (E = S), in
11�43% yields, and no formation of 5,5- or 5,6-ring-closure
productswas observed under the present reaction conditions.

Desulfurization of 4a�4c with triethylphosphine gave the
target phosphines, 15b-phosphanaphtho[1,8-ab]perylene 1a,
6,10-dimethyl-15b-phosphanaphtho[1,8-ab]perylene 1b, and
15b-phospha-3,4,12,13-tetrahydroacenaphtho[5,6-ab]cyclo-
penta[lm]perylene 1c, in 75�80% yields. Similarly, oxidation
with H2O2 gave the corresponding phosphine oxides 5a�5c

in 70�79% yields (Figure 1).
The structures of phosphine sulfides 4a�4c, phosphine 1b,

and phosphine oxide 5b were determined by X-ray crystal-
lography (Figure 2).10 The phosphorus centers adopt a
distorted tetrahedral geometry with C�P�C bond angles
of 100.56(12)��113.31(11)�, 100.92(6)��114.41(7)�, 102.4

Scheme 1. Tandem Hetero Friedel�Crafts Reaction toward a
π-Conjugated Framework

Scheme 2. Synthesis of 1�5

Figure 1. Phosphaperylene derivatives.

Figure 2. ORTEP drawings of (M)-4a�4c, (M)-1b, and (M)-5b.
Thermal ellipsoids are shownat 50%probability except for 1b;10

hydrogen atoms have been omitted for clarity.
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(3)��114.1(3)�, 94.71��111.64�, and 100.73(7)��115.08
(7)�, respectively. In line with the tetrahedral geometry of
the phosphorus centers aswell as steric repulsion between the
hydrogen atoms at the β-position of the phosphorus atom,
4a adopts a helical structure (the M-enantiomer is shown).
On the other hand, 4b adopts a bowl-shaped structure
because of steric repulsion between the methyl groups and
the phenyl group. Interestingly, 4c adopts a planar structure
rather thanahelical structure.11Phosphine 1bandphosphine
oxide 5b show an analogous structure to phosphine sulfide
4b. Note that these phosphaperylene derivatives are ther-
mally stable: noneof thederivatives decomposebelow600K.
Molecular orbital calculations of the phosphines and

their derivatives12 indicate extended π-conjugation spread
over the whole molecule despite the curved structures: the
HOMO and LUMO of 1a and 5a delocalize on the whole
molecular surface (Figure 3). The HOMO�LUMO gaps
of 1a (3.60 eV) and 5a (3.68 eV) are comparable to that of
anthracene (3.59 eV). Note that the HOMO of 1a consists
of the p-orbital of the phosphorus atom and aromatic
π-orbitals.TheHOMOandLUMOenergies of5aare lower
than those of 1a (0.43 and 0.51 eV, respectively) because of
the electron-withdrawing nature of the PdO group.

Table 1 summarizes the photophysical properties of
phosphines 1a and 1b and phosphine oxides 5a�5c. In the
UV/vis absorption spectra, phosphines and phosphine oxi-
des have a strong absorption bandwith amaximum (λabs) at
379�412 nm, which is assignable to an HΟΜΟ�LUMO
transition by the TD-DFT calculations.13 Smaller absorp-
tion coefficients of phosphines 1a and 1b (log ε= 3.63 and
3.20, respectively) than those of phosphine oxides 5a and 5b

(log ε = 4.13 and 4.11, respectively) are consistent with
smaller oscillator strengths for theHΟΜΟ�LUMO transi-
tion calculated by the TD-DFT method, which can be
explained by a substantial contribution of the p-orbital of
the phosphorus atom to the HOMO but not to the LUMO
as shown in Figure 2. Phosphine 1a exhibits a strong green
fluorescence with two peaks, one at 436 nm and a broader
excimer-type emission at 540 nm. A similar excimer-type

emission14was also observed in the fluorescence spectrumof
phosphine 1b.15 Phosphine oxides 5a, 5b, and 5c exhibit
strong blue and cyan fluorescenceswith amaximum (λem) at
418, 415, and 468 nm, respectively. The quantum yield of 5b
(Φf = 0.83) is larger than that of 5a (Φf = 0.68). A
comparable radiative rate constant (kr, 3.0 � 108 vs 4.0 �
108 s�1) and a smaller nonradiative rate constant for 5b (knr,
6.2 � 109 vs 1.9 � 108 s�1) indicate that the methyl
substituents would kinetically stabilize the conformation
to suppress the nonradiative decay process. On the other
hand, 5c shows a lower fluorescence efficiency ofΦf = 0.20
witha smaller radiative rate constant (kr, 3.9� 107 s�1) anda
comparable nonradiative rate constant (knr, 1.6 � 108 s�1).

Phosphine selenide 6b (E = Se) prepared from phos-
phine 1b shows a relatively small 1JP�Se coupling constant
(687 Hz), which indicates a high p-orbital contribution of
the PdSe bond (cf. Ph3PdSe: 732 Hz, tBu3PdSe: 686
Hz).16 The coordination ability of 1b has been demon-
strated by efficient formation (97% yield) of a 1:1 complex
withAuCl (Figure 4a). TheX-ray crystal structure shows a
P�Au distance of 2.2343(12) Å (Figure 4b), which is
comparable with those of AuCl(PPh3) and AuCl(PtBu3)
(2.233 and 2.253 Å, respectively).17 The novel π-conju-
gated phosphines may offer potential utility not only as a
material but also as a ligand for transition metal catalysis.
In summary, we have developed a tandem intramolecular

phospha-Friedel�Crafts reaction to synthesize curved
π-conjugated molecules with a phosphorus ring junction. In

Table 1. Photophysical Data and HOMO�LUMO Transition
Calculated by the TD-DFT Method for 1a�b and 5a�5c

UV�vis

absorptiona fluorescencea
calculated

transitionb

compd

λabs
c

(nm) log ε
λem

d

(nm) Φf
e

τs
f

(ns)

kr/knr
g

(108 s�1)

λem
(nm)

ocillator

strength

1a 407 3.63 436, 540 � � � 417 0.1621

1b 400 3.20 428, 505 � � � 397 0.1564

5a 388 4.13 418 0.68 1.72 4.0/1.9 392 0.2443

5b 379 4.11 415 0.83 2.74 3.0/0.62 387 0.2624

5c 412 3.90 468 0.20 5.11 0.39/1.6 410 0.2708

aUV/vis absorption and fluorescence measurements were made in
CH2Cl2 (0.02 and 0.01 mM, respectively). bOnly the lowest-energy
(HOMO�LUMO) transitions calculated by the TD-DFT method are
shown. cOnly the longest absorptionmaximaare shown. dEmissionmaxima
upon excitation at 360 nm (5a�5c) and 400 nm (1a and 1b). eAbsolute
fluorescence quantum yields determined by a calibrated integrating sphere
systemwithe3%errors. fFluorescence lifetime. gTheradiative rateconstant
(kr) andnonradiative rate constant (knr) were calculated fromΦf and τs using
the formula kr =Φf/τs and knr = (1� Φf)/τs.

Figure 3. Kohn�Sham HOMO and LUMO of 1a and 5a.
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(13) TheTD-DFTcalculationswere performed for 1a�b and 5a�c at
the B3LYP/6-311þG(d,p) level based on the optimized structures at the
B3LYP/6-31G(d) level. See the Supporting Information for details.

(14) The relative intensity of the emission at 505 nm to the emission at
428 nm increases in proportion to the concentration of 1b. See the
Supporting Information for details.
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been determined because partial in situ P-oxidation during the measure-
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line with the tetrahedral geometry of the phosphorus centers
aswell as stericdemandsof the substituents, theπ-conjugated
molecules adopt helical, bowed, and planar structures. The
rigid molecular frameworks enable these unprecedented
phosphine compounds to hold a π-conjugation spread over
thewholemolecule. This simple and practical strategywould
be suitable for further extension ofπ-conjugated frameworks
as well as the introduction of multiple phosphorus and/or
other heteroatoms.
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Figure 4. (a) Preparation and (b) ORTEP drawing of (M)-
AuCl(1b). Selected bond lengths (Å) and angle (deg): Au�Cl
2.2945(12), Au�P 2.2343(12), P�C1 1.805(6), P�C2 1.786(5),
P�C3 1.815(6), P�Au�Cl 175.13(6).


