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Introduction

Planar n-extended organic molecules also called polycyclic aro-
matic hydrocarbons (PAHs) have emerged in the last decade as
efficient molecular materials for opto-electronic applications.”
Their extended n-backbone affords them a reduced HOMO-
LUMO gap, as well as the possibility to self-assemble via n-n
interactions. These properties led to the preparation of
efficient opto-electronic devices such as organic field-effect
transistors (OFETSs) or organic solar cells (OSCs).> Among this
class of compounds, PAHs containing hetero-elements are par-
ticularly interesting since the presence of the heteroatoms (N,
B, O, S ...) allows for diversifying the structures, reactivity and
electronic properties.® In particular S-containing PAHs are of
interest, given the large amount of literature about thiophene
derivatives for opto-electronic applications.* Following the
initial work by Miillen et al,” such as the preparation of A
(Fig. 1), new thiophene-containing derivatives were also syn-
thesized, displaying unique properties. For example, due to
the presence of a thienyl moiety, compound B (Fig. 1) displays
particular photophysical properties,® and derivative C (Fig. 1)
presents enhanced hole transport properties, which leads to
the preparation of an efficient OSC.”

We recently showed that this strategy can also be extended
to organophosphorus chemistry by extending the strategies
developed on P-containing n-conjugated oligomers.® The reac-
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In this work, we report on the synthesis of polyaromatic hydrocarbons containing phosphole and thio-
phene rings at the edge. The ring-closure reactions have been investigated by theoretical calculations.
The optical and electrochemical properties and density functional theory calculations showed that the
properties depend on the relative position of these five membered rings in the PAH structure.
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Fig. 1 Examples of heteroatom containing PAH (S: A-C; P: D) and of
mixed phosphole—thiophene n-conjugated systems E—I.

tivity at the P-atom of PAH D (Fig. 1) proved to be an efficient
tool for the molecular engineering of this appealing family of
PAHs.’ Chemical modifications via organic chemistry or
coordination to Au(i) of the 6*>A>-P center of D allowed us to
prepare new compounds which exhibit different structural and
electronic properties depending on the P-environment. These
compounds also presented sufficient stability and adequate
electronic properties to be successfully introduced into white-
OLEDs."

In order to further modify the electronic properties of these
P-containing PAHs, we decided to design PAH containing both
P and S atoms within their n-framework. This strategy has
already been successfully used to tune the properties of mixed
phosphole/thiophene linear oligomers."" The presence of thio-
phene rings allowed the electropolymerization of oligomer E
(Fig. 1) to prepare low-band gap polymers or by exploiting the
different reactivities of the P and S heteroatoms in compound
F to prepare dually switchable molecular materials (Fig. 1).
Furthermore, dithieno[b,d]phospholes G,"* bithiophene-fused

This journal is © The Royal Society of Chemistry 2016
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benzo[c]phospholes H'® and di(bithiophene)-fused benzo[b,d]-
phosphole I'* (Fig. 1) have also been reported to exhibit very
appealing functions.

Considering the interesting properties of mixed phosphole-
thiophene derivatives, there is great interest regarding the
development of original structures in order to gain more
insight into the structure-property relationship. In this paper,
we report on the synthesis of new phosphole-thiophene based
PAHs. We have investigated the impact of fusing aromatic thio-
phene to the antiaromatic thiooxophosphole ring at different
positions on the physical properties. The electronic properties
of these novel fused phosphole-thiophene derivatives are dis-
cussed on the basis of experimental and theoretical results.

Results and discussion
Synthesis

Following our previously reported strategy, substituted 3,4-
biarylphospholes 3-4 (Scheme 1) featuring a C-C bond
between the n-substituents (phenyls or thiophenes) at the 3,4-
positions of the P-ring were targeted as key intermediates."” To
this end, dialkynes 1-2 were prepared using classical Pd-cata-
lysed Sonogashira conditions. The usual Fagan-Nugent con-
ditions were then applied to the precursors 1-2 (Scheme 1)
resulting in the respective P-heteroles.'® The ¢*,\*>-phospholes
were oxidized in situ with Sg affording thiooxophospholes 3-4,
respectively. These air stable compounds were isolated in mod-
erate yields (3: 35%;j 4: 48%) after column chromatography.
They display *'P NMR chemical shifts in the usual range of
thiooxophospholes (+56 to +58 ppm, see Experimental) and
reasonable solubility in most organic solvents. Their multi-
nuclear NMR spectroscopic and mass spectrometry data support
the proposed structures. Furthermore, 3 was also characterized
by X-ray diffraction (see Fig. S2).

The chemical reactivity of the phospholes 3-4 under Scholl
conditions (with FeCl; or MoCl; in CH,Cl,) was also tested. As
observed for all phenyl analogues, the asymmetric phospholes
5-6 (Scheme 1) formed rapidly, but the fully cyclized product
was never observed and degradation of the intermediate
occurs within a few hours."” The Pd-catalysed C-H bond acti-
vation, described as an easy method to functionalize thio-
phene, did not result in the formation of the desired

1) Cp,ZrCl,
2) Buli

3) PhPBr,
4) Sg

1) CpaZrCly
2) BuLi
OMe

3) Cul
4) PhPCl,
5)Ss

Scheme 1 Synthesis of phosphole—thiophene PAHs 5-6.
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products.'® The reaction at 100 °C between 3-4 and Pd(OAc),
only led to a complex mixture of starting materials and unchar-
acterized degradation compounds.

We thus turned to the photocyclization method that suc-
cessfully allowed us to prepare the P-containing PAH D.° In the
case of the thiophene containing phospholes 3-4, the photo-
chemical method only led to the formation of the asymmetric
PAHs 5-6 (Scheme 1) exhibiting *'P NMR chemical shifts
which are slightly shifted to a higher field compared to those
of their precursors 3 and 4. The asymmetric 'H and >C NMR
spectra of both half-fused phosphole-thiophene compounds
are fully consistent with the proposed structures. For example,
the transformation of compound 4 into the corresponding
half-fused derivatives 6 perturbs the phosphole ring as shown
by the presence of 2 signals for P-Ca and P-C-Cf carbons
respectively.

During the course of the reaction, several other products,
displaying *'P NMR signals in the same range (+45 to
+55 ppm) were also formed during the reaction. The analysis
of the crude mixture of 5 by mass spectrometry clearly evi-
dences the presence of the fully cyclized derivative 5f (m/z =
524.9967) (Scheme 1), however this compound could not be
isolated and fully characterized (see Fig. S1f). 5 and 6 were
characterized by multinuclear NMR spectroscopy and mass
spectrometry. Furthermore, their structures were unambigu-
ously confirmed by X-ray diffraction (see Fig. 2).

For a better understanding of the ring-closure reactions,
theoretical calculations have been carried out. First we con-
sidered a ring closure step by forming a saturated bond with
the hydrogens in the trans position (reaction energy AE,). For
investigating the overall process we used an isodesmic reac-
tion, with the ring-closure reaction of (Z)-1,2-diphenylethene
forming a phenanthrene as a reference (AE,). The results
which are summarized in Table 1, show that AE, is exother-
mic both in the case of 3 and 4. Furthermore, the investi-
gation of AE; values shows that the formation of the
intermediate with the saturated bond is a somewhat (by
ca. 20 kecal mol™") more endothermic procedure (the corres-
ponding transition structures are apparently at even higher
energies). A further important conclusion comes from the
comparison of both AE, and AE, values of the opened and
the partly closed rings, showing that in the case of the partly
closed and apparently more rigid systems the ring closure is

R
< Ph
5f

50 not isolated
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Fig. 2 X-ray crystallographic structures of 5 (a) and 6 (b) and their
molecular packing (c, d).

Table 1 Energetics of the ring-formations in kcal mol™ at the B3LYP/
6-31+G* level

AE,

Compounds FNR? AE, AE,
3* A +14.5/+14.7 —-4.87

A +15.3/+15.7 —4.87
3P A +49.8/+50.1 +2.90

A +50.6/+51.5 +2.90
5% A +19.0/+19.1 -1.63
58 A +53.9/+54.0 +4.70
4 A=A +12.7/+12.8 —2.28
6 A +21.2/+21.6 +5.21

“FNR: formation of the new ring at the A or A’ position.

somewhat disfavoured. The results also suggest a significantly
reduced reactivity of the thiophene rings in the f positions
(see 3% vs. 3% and 5% vs. 5 in Table 1).

From both experimental and theoretical data, it appears
that the formation of one aromatic ring is easier than the for-
mation of two aromatic rings. Our previous experiments on
star-shaped phospholes showed that only the presence of an
electron-rich six-membered aryl group allowed the successful
formation of PAH D.° In the present study, when this group is

1898 | Dalton Trans., 2016, 45, 1896-1903
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replaced by a five membered electron-rich thiophene in 3 or 4,
the reaction led to the formation of asymmetric PAHs 5-6
mainly. The presence of the thiophene rings, even if they are
electron-rich, doesn’t promote the reaction, probably due the
instability of the partially or fully cyclized compound under
irradiation conditions. However, this strategy allowed us to
prepare unprecedented asymmetric P,S-containing PAHs 5-6.
It is worth noting that due to the asymmetry of the molecule,
the P-atom is stereogenic. 5 and 6 are thus constituted of a
mixture of two enantiomers (vide infra). The structural and
electronic properties of these derivatives are discussed in the

following section.

Structural description

Compounds 5 and 6 were characterized by an X-ray diffraction
study performed on a single crystal (Fig. 2). For both com-
pounds, the unit cell is constituted of a racemic mixture of the
two enantiomers (see Fig. S2 and 3f). Their P-heterocycles
display a ¢*,A>-P-atom with a pyramidal shape and classical
bond lengths and valence angles for phosphole rings (see
Table 2).° Remarkably, the 5-membered and 6-membered
fused rings constituting the PAH scaffold are almost planar, as
shown by the very low torsion angle P-C1-C2-C7 (see Table 2).
These structural data confirm that these new compounds can
be considered as small planar PAHs.

In contrast, the non-fused ring at the 2-position of the
phosphole lies perpendicular to the polycyclic plane due to
intramolecular H-H repulsion (see P-C,;-C,3-Cyg torsion
angle in Table 2). As observed for their phenyl analogue, C1-
C2, C7-C8 and C26-C27 bonds are rather short (d =
1.41-1.43 A) with bond lengths typical of aromatic rings,"
indicating an aromatic character for the newly formed rings.
The structure obtained by geometry optimization for 5 and 6

Table 2 Selected bond lengths (A) and dihedral angles (°) from the
crystallographic structure (5 and 6) and the DFT optimized structure

(5°FT and 6°FT)

5 6 6DFT
P-C, 1.790(5) 1.82 1.806(2) 1.82
P-Cyy 1.820(6) 1.85 1.832(2) 1.86
C1-C26 1.374(7) 1.38 1.370(3) 1.38
C26-C25 1.469(7) 1.48 1.478(2) 1.48
C25-C24 1.378(7) 1.37 1.359(3) 1.36
C1-C2 1.406(7) 1.41 1.431(3) 1.43
C26-C27 1.414(7) 1.42 1.399(3) 1.40
C25-C28 1.474(8) 1.47 1.476(3) 1.47
C24-C23 1.463(8) 1.47 1.478(3) 1.48
C7-C8 1.429(7) 1.43 1.428(3) 1.42
P-C,-C,-C, 2.3(9) 2.8 1.0(3) 0.6
P-Cy,-Cp;3-Cig 51.1(8) 61.8 68.6(2) 69.4

This journal is © The Royal Society of Chemistry 2016
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at the B3LYP/6-31+G* level is in good agreement with the X-ray
data (see Fig. S5, 61 and Table 2). Rotational barriers calcu-
lated for the half-fused rings of 5 and 6 are 12.3/12.6 and 14.8/
15.4 keal mol™" respectively, the two values correspond to the
two possible transition states. These values suggest a some-
what hindered rotation.

The molecular packing of compounds 5 and 6 shows a
supramolecular organization due to n-stacking. Compound 5
packs as n-dimers (d = 3.40 A), constituted of the two different
enantiomers of 5. Furthermore, these dimers are engaged in
intermolecular n-r interactions (d = 3.45 A) resulting in the for-
mation of infinite n-stacked columns (see Fig. 2c¢). This long-
range organization is not observed in the packing of its pre-
cursor 3. Compound 6 also packs as r-dimers (d = 3.40 A), formed
by its two enantiomers (Fig. 2d). Dimers then interact through
C-H--- 7 interactions (d = 2.80 A). These two supramolecular
organizations due to w-stacking are rather unexpected for
phosphole derivatives which usually aggregate poorly in the
solid state (like phosphole 3 for example).® This is clearly the
effect of the large n-system fused to the phosphole ring.

Optical and electrochemical properties

The optical properties of derivatives 3-6 were studied by
means of UV-Vis absorption in dichloromethane (see Fig. 3
and Table 3). Phosphole 3 presents a broad =---n* transition

L.cm]

5000

2500 -

Extinction coefficient [mol-!

325 375

425
Wavelength [nm]

475 525

Fig. 3 UV-Vis absorption of 3—6 in diluted DCM solutions.

Table 3 Optical and electrochemical data

Aabsa Atha,b ﬂDFT c e? ond Eredd
Cpnd  (nm) (nm) (nm) (Lmol'em™) (V) \%)
3 486 572 553 3000 +0.78 -1.61°¢
4 432(sh) 506 471 1300 +1.01 -1.80°
5 482 543 549 6000 +0.73 -1.67°
6 434 494 452 1000 +0.88 —-1.82°¢

“In CH,Cl, (107° M). bAbsorlPtion threshold. °TD-DFT-calculated
vertical absorption wavelength. “In CH,Cl, with Bu,N'PF¢~ (0.2 M) at
a scan rate of 100 mV s '. Potentials vs. ferrocene/ferrocenium.
¢ Reversible process.
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with a small extinction coefficient in the visible part of the
spectrum at 486 nm (vide infra). In the case of its half-fused
analogue 5, hyperchromic and hypsochromic shifts are
observed together with the appearance of fine structure charac-
teristic of polyaromatic molecules (Fig. 3 and Table 3). In the
case of 4, the situation is different. The UV-Vis absorption spec-
trum exhibits a main band (4; = 340 nm) with a shoulder at
lower energy (4, = 432 nm) with a very low extinction coefficient.
The rigidification of the structure led to the appearance of a
broad structured band in the visible region possessing a blue
shifted absorption threshold (Table 3). The blue shift upon
cyclization was not observed for PAHs D' but these spectro-
scopic data are in accordance with a similar molecule reported
by Matano et al.'® This behaviour was attributed to a lower con-
jugation as all heteroles in 4 and 6 are linked through their
respective 3-positions, as a consequence the interaction
between the heterocycles is weaker. The presence of the bithio-
phene grafted on the 3,4 position of the phosphole ring is
responsible for the lack of conjugation, even in its PAH form.
This observation also explains the wider optical gap of 4/6
compared to 3/5. None of these four compounds present emis-
sion properties in dichloromethane solutions and in the solid
state. It is likely that non-radiative deexcitations due to intra-
molecular rotations are responsible for this phenomenon.>”

The electrochemical properties of these derivatives were
also studied by cyclic voltammetry in dichloromethane. Com-
pounds 3, 4, 5 and 6 display an irreversible mono-electronic
oxidation wave at low potential and a reversible mono-elec-
tronic reduction wave. As observed by UV-Vis, the nature of the
substituents (bithiophene versus biphenyl) grafted on the 3,4
position of the phosphole ring influences the redox properties.
Compounds 3 and 5 exhibit lower oxidation and reduction
potential compared to the corresponding compounds 4 and 6
showing that the = electrons are less efficiently spread over the
fused rings for 4 and 6. The formation of one intramolecular
bond (3 — 5,4 — 6) induces a decrease of the oxidation poten-
tial and an increase of the reduction potential (Table 3). These
effects lead to a similar gap or an increase of the gap, as
observed by UV/Vis absorption and is also supported by
TD-DFT calculations.

Theoretical calculations

Theoretical studies carried out on the systems are in reason-
able agreement with the measured optical properties. In all
cases, the calculations suggest that the absorption maximum
belongs to the HOMO-LUMO transition. Therefore the ener-
getics and the shape of these orbitals were studied in depth.
Fig. 4 and 5 display the change of the frontier orbitals in the
two series of molecules after the first, and the second ring
closure. The FMOs are typical of thiooxophosphole, as we
noted before for D.° It is noteworthy that with the extension of
the conjugation the participation of the S lone pair decreases
in the HOMO. This observation might contribute to the small
stabilization of the HOMO between 3 and 5. Since the LUMO
is also somewhat destabilized the observed unusual blue
shift (see above) is understandable. Also the electrochemical

Dalton Trans., 2016, 45, 1896-1903 | 1899
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Fig. 4 Frontier molecular orbitals of 3, 5 and 5f at the B3LYP/6-31+G*
level of theory.
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Fig. 5 Frontier molecular orbitals of 4, 6 and 6f at the B3LYP/6-31+G*
level of theory.

observations are in accordance with the changes of the FMO
energies.

The main difference between the two series lies in the
shifted LUMO levels, while the HOMOs are nearly the same.
The conjugation between the phosphole and the thiophene
units is always weak, concluded from the small contribution of
the thiophene units to the FMOs, and it is also evidenced by
the small MO coefficients of the p carbon in the thiophene
FMOs (see Fig. 5). However, the conjugation between the
phenyl groups and the phosphole unit strongly depends on
the phenyls’ positions. In the case where there is a biphenyl
unit grafted on the 3 and 4 positions of the phosphole ring
(3, 5, 5f), there is a strong interaction: the LUMO orbital shows
significant contribution from the phenyl units. However, this
interaction is significantly weakened when the phenyl rings
are connecting to the 2 or 5 positions of the phosphole unit

1900 | Dalton Trans., 2016, 45, 1896-1903
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Fig. 6 Schematic representation of the NICS(1) results for 3—6.

(4, 6, 6f) (for numeric results of the orbital composition ana-
lyses see Table S27).

The electronic properties of a system are usually linked to
its aromaticity. In order to investigate this property, NICS aro-
maticities were calculated for 3-6 (for NICS(1) representations
see Fig. 6, for numeric results see Table S37).

The non-aromatic (or slightly antiaromatic) character of the
thiooxophosphole unit spreads toward the ring fused to its
3,4 position.”’ By increasing the number of the fused rings
(3 — 5f; 4 — 6f) the antiaromaticity of these rings strengthens
in both series, but regardless of this phenomenon, in good
agreement with the conclusions obtained from X-ray crystallo-
graphy, the formed new rings are highly aromatic. This study
confirms that insertion of an antiaromatic ring inside a PAH
backbone impacts its properties.

Conclusion

In conclusion, we detailed the synthesis of two mixed thio-
phene-phosphole PAHs featuring seven fused rings. Electronic
properties of these derivatives have been studied by means of
UV-Vis absorption, cyclic voltammetry and the results were
rationalized by DFT calculations. These results allow a deeper
understanding of the electronic properties of heteroatom con-
taining PAHSs.

Experimental
General information

All experiments were performed under an atmosphere of dry
argon using standard Schlenk techniques. Commercially avail-
able reagents were used as received without further purifi-
cation. Solvents were freshly purified using MBRAUN SPS-800
drying columns. Irradiation reactions were conducted using a
Heraeus TQ 150 mercury vapor lamp. Separations were per-
formed by gravity column chromatography on basic alumina
(Aldrich, Type 5016A, 150 mesh, 58 A) or silica gel (Merck
Geduran 60, 0.063-0.200 mm). 'H, *C, and *'P NMR spectra
were recorded on a Bruker AM300, AM400, AM500. 'H and

This journal is © The Royal Society of Chemistry 2016
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3C NMR chemical shifts were reported in parts per million
(ppm) relative to Me,Si as the external standard. Assignment
of proton and carbon atoms is based on COSY, HMBC, HMQC
and DEPT-135 experiments. High-resolution mass spectra were
obtained on a Varian MAT 311 or ZabSpec TOF Micromass
instrument at CRMPO, University of Rennes 1. Compounds 1
and 4,4'-diethynyl-3,3"-bithiophene were synthesized according
to a published procedure.’® UV-Visible spectra were recorded
at room temperature on a VARIAN Cary 5000 spectro-
photometer. The electrochemical studies were carried out under
argon using an Eco Chemie Autolab PGSTAT 30 potentiostat
for cyclic voltammetry with the three-electrode configuration:
the working electrode was a platinum disk, the reference elec-
trode was a saturated calomel electrode and the counter-elec-
trode was a platinum wire. All potentials were internally
referenced to the ferrocene/ferrocenium couple. For the
measurements, concentrations of 107 M of the electroactive
species were used in freshly distilled and degassed dichloro-
methane and 0.2 M tetrabutylammonium hexafluorophosphate.

X-ray diffraction

Single crystals of 3, 5 and 6 suitable for X-ray crystal analyses
were obtained by slow diffusion of vapors of pentane into
dichloromethane solutions. Single crystal data collection was
performed at 150 K with an APEX II Bruker-AXS (Centre de
Diffractométrie, Université de Rennes 1, France) with Mo-Ka
radiation (A = 0.71073 A). Reflections were indexed, Lorentz-
polarization corrected and integrated by the DENZO program
of the KappaCCD software package. The data merging process
was performed using the SCALEPACK program.>? Structure
determinations were performed by direct methods with the
solving program SIR97,>® that revealed all the non-hydrogen
atoms. SHELXL program** was used to refine the structures by
full-matrix least-squares based on F>. All non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydro-
gen atoms were included in idealised positions and refined
with isotropic displacement parameters. Single crystals of all
these derivatives were always coated in Paratone oil once
removed from the mother solution, mounted at low tempera-
ture on the diffractometer goniometer and X-ray data collec-
tion was performed at low temperature. Atomic scattering
factors for all atoms were taken from International Tables for
X-ray Crystallography.”® CCDC reference numbers 1430204,
1430205 and 1430206 contain the supplementary crystallo-
graphic data for 3, 5 and 6.

Synthesis

Compound 2. 4,4"-Diethynyl-3,3-bithiophene (750 mg,
2.09 mmol, 1 eq.), 1-bromo-3,5-dimethoxybenzene (0.9 g,
4.40 mmol, 2.5 eq.) and Pd(PPhj;), (0.30 mmol, 0.1 eq.) were
dissolved in 10 mL of degassed toluene/triethylamine (1/1, v/v).
After 4 days of stirring at 100 °C, all the volatiles were
removed under vacuum. The crude product was extracted by
diethylether (4 x 20 mL) and evaporated. Further purification
by flash chromatography on silica with heptane/ethyl acetate
as eluent (95: 5, Rr = 0.20) gave the title compound as a brown

This journal is © The Royal Society of Chemistry 2016
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powder in a 40% yield (407 mg). "H NMR (CDCls; 400 MHz):
8 =7.82 (d, J(H,H) = 3.4 Hz, 2Hpieny1), 7.61 (d, J(H,H) = 3.4 Hz,
2H hieny1), 6.61 (d, J(H,H) = 2.2 Hz, 4Hppeny1), 6.45 (t, J(H,H) =
2.2 Hz, 2Hpheny1), 3.78 (s, 12H, OCH;) ppm. "*C NMR (CD,Cly;
100 MHz): § = 160.7 (S, Cphenyl)s 136.2 (S, Cthienyl); 129.5
(S, CHihienyl)s 124.4 (S, Cihienyt)y 123.7 (S, CHinienyl), 122.2
(S, Cphenyl)y 109.1 (S, CHphenyl), 101.5 (S, CHpheny), 91.1
(s, C=C), 84.4 (s, C=C), 55.4 (s, OCH;) ppm. HR-MS (ESI,
CH;0H, m/z): [M + Na]' caled for C,5H,,0,S,Na, 509.08572;
found 509.0856. Anal. Calcd for C,gH,,0,S,: C, 69.11, H, 4.56,
S, 13.18; Found: C, 69.24, H, 4.26, S, 12.99.

Compound 3. A solution of BuLi (2.5 M, 0.18 mL, 2.2 eq.)
was added dropwise at —78 °C to a tetrahydrofuran solution
(10 mL) of Cp,ZrCl, (0.06 g, 0.22 mmol, 1 eq.) and 2,2"-bis
(thiophen-3-ylethynyl)-1,1"-biphenyl 1 (0.1 g, 0.22 mmol, 1 eq.).
After stirring overnight, the solution turned deep red; and
dibromophenylphosphine (0.1 g, 0.24 mmol, 1.2 eq.) was
added at —78 °C. The solution was stirred for an additional
15 h, turned orange, and filtered on basic alumina (tetrahydro-
furan). All volatile materials were removed under vacuum. The
compound was then thiooxidized with elemental sulfur in
dichloromethane solution (6 mL) at room temperature for 5 h.
The crude yellow solid was purified by column chromato-
graphy on silica (dichloromethane/heptane, 1/9) and the
desired phosphole was obtained as an orange solid (39 mg,
yield: 35%). "H NMR (CD,Cl,, 400 MHz): § = 8.06 (d, *J(H,H) =
7.6 Hz, 2H, Hphenyl), 7.92 (ddd, °/(H,P) = 13.8 Hz, *J(H,H) =
7.0 Hz, *J(H,H) = 1.36 Hz, 2H, H,.,0), 7-65 (d, *J(H,H) = 8.1 Hz,
2H, Hphenyl), 748 (m, 1H, H,,), 7.44-7.35 (m, 6H, 2Hpheny,
2H etay 2Hhienyt); 7-29 (ddd, *J(H,P) = 4.9 Hz, *J(H,H) = 4.9 Hz,
Y(H,H) = 0.9 Hz, 2H, Hieny), 7.05 (td, *J(H,P) = 8.3 Hz,
J(HH) = 7.1 Hz, YJ(HH) = 1.2 Hz, 2H, Hppeny), 6.98
(d, *J(H,H) = 4.9 Hz, 2H, Hgpieny) ppm. °C NMR (100 MHz,
CD,CL): § = 141.8 (d, *J(C,P) = 26 Hz, Cp), 133.6 (S, Cpheny),
133.5 (S, Chienyl), 132.3 (d, J(C,P) = 3 Hz, CHpuy), 130.8
(d, *7(C,P) = 12 Hz, CHyupo), 130.6 (S, CHphenyl), 129.4
(d, 'J(C,P) = 85 Hz, C,), 129.0 (S, CHpheny1)s 128.9 (S, CH,sera),
128.8 (S, Cphenyl)s 127.8 (S, CHphenyl), 127.7 (S, CHnienyl), 126.6
(d, 'J(C,P) = 75 Hz, Cyps0), 126.4 (S, CHpnienyl), 124.3 (d, ¥J(C,P) =
5 Hz, CHnienyt)y 124.1 (S, CHppeny) ppm. °'P NMR (CDCL,
162 MHz): § = +56.3 (s) ppm. HR-MS (ESI, CH,Cl,/CH;0H,
90/10, v/v, m/z): [M + Na]': 529.0401 C3,H;oPS;Na calcd 529.0284.

Compound 4. A solution of BuLi (2.5 M, 0.47 mL) was
added dropwise at —78 °C to a tetrahydrofuran solution
(10 mL) of Cp,ZrCl, (0.17 g, 0.58 mmol) and 4,4
bis((3,5-dimethoxyphenyl)ethynyl)-3,3"-bithiophene 2 (0.26 g,
0.53 mmol). After stirring overnight, the solution turned deep
red. Two equivalents of Cul (0.20 g, 1.06 mmol) were added at
0 °C for 20 min and then dichlorophenylphosphine (0.09 g,
0.53 mmol) was added at —78 °C. The solution was stirred for
an additional 15 h and filtered on basic alumina (tetrahydro-
furan). All volatile materials were removed under vacuum. The
compound was then directly oxidized with elemental sulfur in
dichloromethane solution (6 mL) at room temperature for 5 h.
The crude yellow solid was purified by column chromato-
graphy on silica (heptane/ethyl acetate, 95/5) and the desired
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phosphole was obtained as a yellow solid (150 mg, yield: 48%).
'H NMR (CD,Cl,, 400 MHz): § = 7.91 (dd, J(H,H) = 13.7 Hz,
J(H,H) = 7.8 Hz, 2H, Houno), 7.52 (M, 3H, Hyuray Henienyl), 745
(s, 2H, Hyera), 7.13 (S, 2H, Henienyl), 6.79 (m, 2H, Hpheny1), 6.46
(s, 2H, Hphenyl), 5.90 (m, 2H, Hpheny), 3.50-4.00 (m, 12H,
OCH;) ppm. C NMR (CD,Cl,, 100 MHz): § = 162.17
(S, Cpheny1), 138.6 (d, J(P,C) = 26.2 Hz, Cp), 136.0 (d, J(P,C) =
9.5 Hz, Cphenyl), 134.4 (d, J(P,C) = 78.7 Hz, C,), 133.9 (S, Cenienyl)s
132.8 (d, J(P,C) = 2.4 Hz, CH,,,), 131.9 (d, >/(P,C) = 11.1 Hz,
CHoyeno), 130.7 (d, °J(P,C) = 18.3 Hz, Cihienyl), 129.4 (d, *J(P,C) =
12.7 Hz, CHypera), 128.2 (S, CHenienyl), 126.6 (s, J(P,C) = 76.3 Hz,
Cipso)s 118.1 (S, CHinienyl), 106.3 (M, CHpheny1), 101.2 (d, J(P,C) =
1.6 Hz, CHphenyt), 55.9 (bs, OCH3) ppm. *'P NMR (CD,Cl,,
162 MHz): 5§ = +58.3 (s) ppm. HR-MS (ESI, CH,Cl,/CH;OH,
90/10, v/v, m/z): [M + Na]: 649.0701; C3,H,,0,PS;Na caled
649.07068. Anal. Calced for C;;H,,0,PS;-CH,Cl,: C, 59.07,
H, 4.11, S, 13.52; Found: C, 59.20, H, 4.14, S, 13.84.

Compound 5. 3 (100 mg, 0.16 mmol, 1 eq.) was dissolved in
500 mL of toluene. The solution was sparged with argon for
15 min then 1 mL of propylene oxide (PPO) and I, (86 mg,
2.1 eq.) were added. The solution was irradiated over 20 h with
UV light using a Heraeus TQ 150 mercury vapor lamp. Then
the solvent was evaporated and the crude was purified by
chromatography on silica gel using dichloromethane/heptane
(1/1, v/v) as eluent to afford 5 as an orange solid (50 mg, 50%).
"H NMR (CD,Cl,, 400 MHz): § = 8.28 (d, *J(H,H) = 8.0 Hz, 1H,
Hopheny), 823 (d, >J(H,P) = 7.4 Hz, 1H, Hppenyl), 8.10 (d, ¥ (H,H) =
8.3 Hz, 1H, Hppenyl), 7.85 (dd, *J(H,H) = 13.8 Hz, *J(HH) =
7.5 Hz, 2H, Hupo), 7.70-7.80 (m, 2H, Hpnenyl, Hinienyl),
7.55-7.70 (m, 2H, Hphenyl), 7.45-7.55 (M, 2H, Hphenyl, Hehienyl)s
7.40-7.45 (m, 1H,.,), 7.30-7.40 (m, 3H, Hyew, Hihienyl)s
7.15-7.20 (ddd, */(H,P) = 7.0 Hz, ’J(H,H) = 7.0 Hz, *J(H,H) =
0.6 Hz, 1H, Hepieny1), 6.99 ppm (m, 1Hienyl)- ° P NMR (CD,CL,
162 MHz): § = +49.3 ppm (s). HR-MS (ESI, CH;0H/CH,Cl,, v/v:
90/10 MALDI-TOF, m/z): [M + Na]" caled for C;oH;,PS;Na,
527.01277; found 527.0128. For solubility reason, no '*C NMR
spectrum could be recorded.

Compound 6. 4 (100 mg, 0.16 mmol, 1 eq.) was dissolved in
500 mL of toluene. The solution was sparged with argon for
15 min then 1 mL of PPO and I, (86 mg, 2.1 eq.) was added.
The solution was irradiated over 20 h with UV light using a
Heraeus TQ 150 mercury vapor lamp. Then the solvent was
evaporated and the crude was purified by chromatography on
silica gel using dichloromethane/heptane (1/1, v/v) as eluent to
afford the desired compound as an orange solid (50 mg, 50%).
"H NMR (500 MHz, CD,Cl,): § = 7.90 (ddd, J(H,H) = 1.3 Hz,
J(H,H) = 8.5 Hz, J(P,H) = 14.2 Hz, 2H, Hyy0), 7.79 (S, 1H, Hepienyl),
7.77 (d, JJ(H,H) = 2.9 Hz, 1H, Hihieny1), 7-50-7.60 (m, 2H, Hinienyl
and Hygro), 7.42 (m, 4H, Hphenyt and Hyuero), 7.21 (d, J(H,H) =
2.1 Hz, 1H, Hpheny), 6.73 (d, J(H,H) = 2.1 Hz, 1H, Hpheny),
6.50-6.60 (m, 1H, Hpheny), 4.16 (s, 3H, OCH3), 3.84 (s, 3H,
OCH3), 3.70-3.80 (m, 6H, OCH;) ppm. >C NMR (125 MHz,
CD,CL): & = 161.2 (S, Cphenyl)y 1594 (S, Cphenyl)y 156.9
(S, Cphenyt)s 138.1 (d, */(P,C) = 24 Hz, Cp), 137.5 (d, J(P,C) =
2.1 Hz, Cehieny1), 135.3 (d, >/(P,C) = 22 Hz, Cy), 134.9 (d, J(P,C) =
11.2 Hz, Cphenyl), 134.7 (d, *J(P,C) = 84 Hz, C,), 133.8 (S, Cenieny),
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132.1 (d, */(P,C) = 2.5 Hz, CH,arq), 131.8 (d, J(P,C) = 10 Hz,
Cphenyt); 130.9 (d, %J(P,C) = 11.2 Hz, CHoruo), 130.8 (S, Cenieny),
128.9 (d, *J(P,C) = 14 Hz, Cthienyl), 128.7 (d, J(P,C) = 12.5 Hz
CHoneray), 128.6 (d, J(P,C) = 79 Hz, Cipso), 127.1 (5, CHenjeny),
126.6 (S, Cenieny), 121.9 (d, J(P,C) = 100 Hz, C,), 119.9
(S, CHgnienyl), 118.8 (s, CHienyt), 117.2 (d, J(P,C) = 9 Hz,
Cphenyl)y 106.9 (m, CHppeny), 100.8 (d, J(C,H) = 1.5 Hz,
CHphenyl), 98-3 (S, CHphenyt), 973 (d, *J(P,C) = 5 Hz, CHpheny1),
55.8 (s, OCH3), 55.4 (s, OCH3), 55.3 (bs, OCH;) ppm. *'P NMR
(CDCl;, 160 MHz): § = +53.9 ppm (s). HR-MS (ESI, CH,Cl,/
MeOH, 9/1, m/z): [M + H]" caled for C3,H,c04PS;, 625.07309;
found 625.0725.

Computational details

All calculations were carried out with the Gaussian 09 program
package.”® Full geometry optimization was performed for all
molecules at the B3LYP/6-31+G* level*” and subsequently har-
monic vibrational frequencies were calculated at the same
level to establish the nature of the stationary point obtained,
for minima no negative eigenvalue of the Hessian was present.
All possible rotational structures have been investigated for 3,
4, 5, 6, 5f and 6f. In cases where single crystal X-ray structure is
available, the most stable optimized geometry gives a good
match. NICS and TD-DFT calculations have been carried out
only on the most stable rotamer. Molecular orbitals have been
visualized with the VMD package.?® Molecular orbital compo-
sition analysis has been carried out with the Multiwfn 3.3.8
program.”’
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