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ABSTRACT: In this letter, we present the synthesis of a new family of -extended dithieno[b,f]phosphepines. The Pd-catalyzed 

direct-arylation allows the introduction of various substituents, which tune the absorption/emission in the visible range as well as the 

redox properties. All those modifications were rationalized through DFT calculations. The physical properties of ambipolar phos-

phepine with diphenylamino substituents conduct us to use it as a semi-conductor in a p-type organic field-effect transistors (OFETs). 

In the past decade, -conjugated systems based on heterocycles 

have been widely studied following the first reports on their suc-

cessful incorporation in (opto)-electronic devices (organic photo-

voltaics (OPV), organic field-effect transistors (OFETs), organic 

light-emitting diodes (OLEDs)).1 While the initial structures 

mainly incorporate thiophene rings,2 more and more heterocycles 

with O, N, B, Si… have been used as building blocks.3 Among 

them, phosphorus-based heterocycles are interesting as their reac-

tivities and physico-chemical properties highly depend on the P-

atom’s substituents as well as the nature of the heterocycle in which 

it is embedded.4 Thanks to the richness of the organophosphorus 

chemistry, plethora of P-heterocycles have been developed such as 

4-membered (phosphetenes),5 5-membered (phospholes),6 6-mem-

bered (such as phosphinines)7 or 7-membered rings (phos-

phepines).8 The most widely used P-based building block for the 

construction of -conjugated systems for (opto)-electronics is the 

phosphole ring.6a The corresponding phosphole-based semicon-

ductors have been successfully inserted into OLEDs, OPV or or-

ganic batteries.6,9 So far, only few examples of optically/redox-ac-

tive phosphepinebased-conjugated systems have been described 

(A-D, Figure 1).8 The -delocalization of the ring as well as its con-

formational flexibility make the phosphepine a singular -synthon 

compared to phospholes. This prompted us to search for an alter-

native synthetic approach to develop -extended optically and re-

dox-active phosphepines.  

In this letter, we present the synthesis of a new family of dithi-

eno[b,f]phosphepine -based -system (Scheme 1) accessed by Pd-

catalyzed direct-arylation. The optical and redox properties and the 

electronic structure of these compounds are reported and a selected 

compound is used as p-semiconductor in OFET. 

 

Figure 1. Reported optically/redox-active phosphepines A-D.  

Dithieno[b,f]phosphepine 1 (Scheme 1) was synthesized by adapt-

ing the synthetic approach developed by Tovar et al. for the prepa-

ration of thiophene-fused borepines.10,11 Dibromodithienylethene 

was subsequently treated with 2 equivalents of t-BuLi and one 

equivalent of PhPCl2 at -78°C affording compound 1 (Scheme 1) 

(31P NMR:  = -46.4 ppm). Since the P-atom retains it phosphine-

like reactivity, this air sensitive compound 1 was directly oxidized 

into compound 2 (31P NMR: +11.7 ppm). Then, compound 2 was 

used as a key starting material for the preparation of -extended 

phosphepines because thiophenes are ideal synthons for Pd-cata-

lyzed direct-arylation.12 The reaction between 2 and 4-cyano-bro-

mobenzene or 4-nitro-bromobenzene proceeds nicely under “clas-

sical” direct arylation conditions (5% Pd(OAc)2 as catalyst, KOAc 

as base) in DMAc at 140°C to afford 3 and 4 (Scheme 1) in good 

yields (58% and 66%, respectively). However, in order to introduce 

an electron-rich substituent, the catalytic conditions have been 

changed : K2CO3 was used as base, with the addition of HPCy3BF4 

(ligand) and PivOH.13,14 Using this synthetic methodology, a novel 

family of symmetrical -extended phosphepines featuring elec-

tron-withdrawing (3-4, Scheme 2) or electron-donating end-groups 

(5-6) could be prepared in good yields (56-66%). Using a sequen-

tial approach, the asymmetric compound 8 was prepared by the 

successive insertion of nitrophenyl and diphenylaminophenyl sub-

stituents using our previously optimized catalytic conditions. All 
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compounds 2-8 were characterized by multinuclear NMR and 

high-resolution mass spectrometry (HR-MS). 

Scheme 1. Synthesis of -extended dithieno[b,f]phosphepine 1-8.  

 

Additionally, compounds 2-6 were characterized by single crystal 

X-ray diffraction (Figure 2 and Table S1). In all five compounds, 

the seven membered rings present non-planar boat-like confor-

mation. While in compounds 2, 4 and 5 the phenyl substituents on 

the P-atom are in equatorial position, and are (almost) perpendicu-

lar to the phosphepine ring, in case of 3 and 6 the axially oriented 

phenyl moiety is parallel to the vinylic bond of the seven-mem-

bered ring as is shown in Figure 2, Figure S1-S6 and Table S2. 

Noteworthy, calculations conducted with the B3LYP, CAM-

B3LYP and M06-2X methods suggest that the lowest energy con-

former is the one with perpendicular phenyl in each case. Further-

more, the bond lengths within the seven membered rings are quite 

similar for all the compounds reported here and also compare well 

with those of compound B,Erreur ! Signet non défini.a indicating an alter-

nation of double and single bonds (Figure 2, Table S2). The possi-

ble conformations (Figure 2) were studied with DFT calculations 

with different functionals. The energy difference of the three cal-

culated conformers did not exceed 1 kcal/mol (Table S3-4, S6-7), 

furthermore, the interconversion barrier for 2 was under 2.6 

kcal/mol) for all tested methods, indicating a virtually free inter-

conversion at RT in the gaseous phase (Table S7). This low barrier 

is supported by the variable temperature 31P and 1H NMR experi-

ments (300-223°K - CDCl3) on compound 2 as no coalescence 

could be reached (Figure S10).Erreur ! Signet non défini.a The solid state 

organization of the different compounds shows no clear intermo-

lecular interactions. However, the crystal packing probably influ-

ences these flexible frameworks to favor one conformer over the 

other due to the low barrier for interconversion.  

 

Figure 2. a) X-ray structure of 2 (top and side-view, a-b). hydrogen 

atoms are omitted for clarity Selected bond lengths (Å), bond an-

gles (deg), and torsion angles (deg) are as follows. 2: P1−C11 = 

1.7880(15), P1−C21 = 1.7825(16), P1−C2 = 1.8014(16), C11−C14 

= 1.390(2), C14−C15 = 1.445(2), C15−C25 = 1.350(2); 

C11−P1−C21 = 104.21(7), C11−P1−C2 = 106.95(7), 

C21−P1−C2= 104.93(7); C7−C2−P1−C21 = -60.73(14). b) view of 

the 2 conformers illustrated with compound 2 and 6. 

In order to further establish structure-property relationship for this 

novel series of phosphepine-based -conjugated systems 2-8, their 

UV-Vis absorption and fluorescence spectra were measured both 

in CH2Cl2 (Figure 3) and their cyclic voltammetry was measured in 

CH2Cl2 with Bu4NPF6 as electrolyte (Table 1). Furthermore, Kohn-

Sham orbitals were calculated for both conformers, together with, 

TD-DFT calculated vertical excitation energies (Table S3-S6).  

The UV-Vis absorption spectrum of the dithieno[b,f]oxophos-

phepine 2 (Figure 3) consists of a band with an absorption maxi-

mum centered at λabs = 347 nm. This absorption was attributed by 

TD-DFT calculations to a -* transition involving the HOMO and 

the LUMO (Table S8-S10). These orbitals are delocalized despite 

the non-planarity, and are mainly located on the -conjugated back-

bone with a limited contribution of the P-atom. After excitation at 

347 nm, the dithieno[b,f]oxophosphepine 2 presents a blue emis-

sion centered at 423 nm with a low quantum yield ( = 0.06) (Fig-

ure 3). 2 is also redox active, presenting a reversible reduction at 

relatively low potential (Ered = -2.14 V vs Fc) and an irreversible 

oxidation (Eox =+1.12V vs Fc) (Table 1). The extension of the -

conjugated system on the -positions of the thienyl moieties by a 

phenyl substituent (5) leads to a significant bathochromic shift of 

all optical features (Figure 3 and Table 1) and also a decrease of 

both redox potentials (Table 1). Accordingly, LUMO and HOMO 

levels decrease and increase, respectively. While the π-type FMOs 

of 5 (Figure 4) have dominant contribution from the central dithi-

eno[b,f]oxophosphepine unit, the phenyl groups also contribute. In-

deed, the introduction of electron-donating groups cathodically 

shifts the oxidation wave (E°ox = +0.48V vs. Fc+/Fc for 6) while 

the introduction of electron withdrawing group shifts the reduction 

wave anodically (E°red = -1.45 V vs. Fc+/Fc for 4) (Table 1). In 

accordance, the introduction of electron-withdrawing groups such 

in 4 mainly affects the LUMO with density on the nitrophenyl 

parts, while electron rich diphenylaminophenyl substituents of 6 

mainly affects the HOMO (Figure 4). Also the red shift observed 

in UV-Vis absorption of 5 further increases both with electro-with-

drawing (3 and 4) and electro-donating groups (6) at the para po-

sition of both phenyl rings (Scheme 1). This is in agreement with 

the TD DFT calculated vertical excitation energies (Table S3-S4), 

which remain HOMO-LUMO * transitions. Due to the nature 

of the FMOs in 4 and 6 (see the orbitals in Figure 4), this transition 

has a large charge transfer (CT) character, as is also shown by the 

increased relative intensity of the absorption band as well as the 

oscillator strength (Figure 3 and Tables S3, S4, S6). Furthermore, 

6 displays solvatochromic behavior which is very weak in absorp-

tion and somewhat larger in emission, as usually observed for such 

quadripolar D--D-systems (Figure S8).15 The high photolu-

minescence quantum yield of the non-planar structures (Table 1) 

can be explained by the high transition probability. Even though, 

based on CAM-B3LYP excited state geometry optimizations (Fig-

ure S23) the -system of all molecules become more planar in the 

excited state than in the ground state, and this increased rigidity 

may contribute to the emission properties. 

Table 1. Photophysical and electrochemical data.  

 abs 
a 

[nm] 

ε a 

[M-1cm-1] 

em 
 a 

[nm] 

Φ b 

(%) 

Eoxc 

[V] 

Eredc 

[V] 

2 347 13600 424 6 +1.12 -2.14d 

3 410 32300 473 13 +1.09 -1.74 d 

4 425 35600 525 17 - -1.45 d 

5 402 27400 468 8 +0.93 -1.99 d 

6 454 41400 580 30 +0.48d -1.99 d 

8 459 30100 575 0.4 +0.51 d -1.49 d 

aIn CH2Cl2 (10-5M). bMeasured relative to quinine sulfate 

(H2SO4, 1 N), ref= 0.546. c In CH2Cl2 with Bu4N+PF6
− (0.2 M) at 

a scan rate of 100 mVs−1. Eox (Ered) = 1/2(Epc + Epa) for reversible 

or quasi-reversible process, otherwise Eox(Ered) = (Epa). Potentials 

vs ferrocene/ferrocenium. d quasi-reversible process. 

For the asymmetric compound 8, both oxidation and reduction po-

tentials are lowered with respect to 5, in accordance with the DFT 
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calculated FMOs, which are located mainly on the triphenylamine 

(HOMO), or nitrophenyl (LUMO) part of the molecule. This sug-

gests that the HOMO-LUMO excitation should exhibit at even 

higher bathochromic shift than for 4 or 6, and also the intensity 

should further increase together with the even larger CT character 

of the transition. Surprisingly, both absorption and emission max-

ima for 8 match closely with the ones of symmetric 6, and the solv-

atochromic behavior is also similar (Figure S9). Furthermore, the 

intensities are reduced, indicating less charge transfer than for the 

symmetric 6! Both of these experimental findings are in accordance 

with the calculated transition energies and oscillator strengths in 

case of most functionals used (but not B3LYP – see SI). Unlike for 

2-6, the lowest energy transition of 8 is not dominated by the 

HOMO-LUMO excitation, but also HOMO-1 – LUMO has a sig-

nificant weight. B3LYP, which gives rather accurate excitation en-

ergies for 2-6, fails to describe this aspect resulting in a bad perfor-

mance in case of 8. 16 

These data show that the introduction of lateral -substituents 

on the dithieno[b,f]oxophosphepine backbone allows fine tun-

ing of the absorption/emission in the visible range and also the 

redox properties, despite the non-planarity of the system. In par-

ticular, compound 6 displays a straightforward synthesis and 

ambiphilic redox character with reversible electrochemical 

waves (Table 1) making it appealing for application in optoe-

lectronic devices. 

 

Figure 3. UV-vis absorption (up) and emission (down) of 2 (yel-

low), 5 (blue), 4 (green), 6 (red) and 8 (purple) in diluted DCM. 

  

Before using the -extended phosphepines as active material in 

devices, we investigated their thermal stability because some 

phosphepines are known to be rather unstable.17 An intramolec-

ular ring closure leading to the formation of phosphanorcaradi-

ene and to a release of phosphinidene can take place. However, 

this transformation is usually blocked by the introduction of α-
tBu substituents,18 or by benzannellation.17 The thermogravi-

metric analyses (TGA) measurements performed on compound 

6 show a decomposition temperature at 10% weight loss (Td10) 

of 400 °C (Figure S20). Furthermore, differential scanning cal-

orimetry (DSC) measurements show no melting point. Repeat-

ing heating up to 350°C and cooling to 30°C resulted in no crys-

tallization or melting behaviors (Figure S21). These results in-

dicate that compound 6 presents good morphological and ther-

mal stability. Finally, Bottom-Gate Bottom-Contact OFETs 

were realized by sublimation of the compound 6 and were elec-

trically characterized under nitrogen atmosphere with an 

keithley 2636A parameter analyzer, yielding moderate perfor-

mance (on-/off-current ratio Ion/Ioff = 8.8 105, field-effect mobil-

ities on the order of 10−6 cm2/Vs, threshold voltage V ≈ -48 V). 

These data seem to show the presence of a high density of de-

fects in the first layers of the semiconductor. These problems 

will be addressed in the future by studying the effect of sub-

strate temperature during sublimation step. If grain size is im-

proved, defect density in the film will decrease leading to better 

electrical performances of the device. This first result shows 

that -extended phosphepines can be suitable semiconductors 

for OFETs. 

In conclusion, the synthesis of a new family of -extended 

phosphepines 2-8 has been described. The Pd-catalyzed direct-

arylation allows the introduction of various substituents, which 

tunes the absorption/emission in the visible range as well as the 

redox properties. All those modifications were rationalized 

through theoretical calculations (DFT). Finally, compound 6 

could be introduced into p-type OFET. This novel P-heterocy-

cle thus appears as a promising tunable building block for ap-

plication in optoelectronics. 
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Figure 4: FMOs of 4, 5 and 6 at the B3LYP/6-31+G* level 
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